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ABSTRACT
There are very few studies on B deficiency in rice (Oryza sativa £,.). Reported critical 
values o f B deficiency in rice are contradictory and mechanisms o f B uptake by plant are 
not understood. Objectives o f this study were to determine B effects on rice grown in 
hydroponics and soil; to determine critical values o f B deficiency in rice tissues, 
hydroponic solution and soil; and to explore B-uptake mechanisms in both monocots 
(rice) and dicots (soybean {Glycine max L.)).
Rice was grown to maturity in an acid Caddo silt loam at 0 and 1 kg B ha'1 in a 
greenhouse study, which provided the first report o f B deficiency in rice grown on a soil 
from the USA. Boron increased B concentrations in new leaves, pollen vitality, and grain 
yields by 11%. Critical value o f B deficiency in new rice leaves at tillering or booting is 
likely 6.0 ± 1.0 mg B kg'1. A Ca/B ratio above 550 in rice leaves at booting would also 
indicate B deficiency. Retarded panicle development and delayed heading were observed 
at tillering and booting. Hydroponic studies indicated that B deficiency occurred when 
there was <7.3 mg B kg*1 in new leaves and <0.2 pM in solutions. Whitish and twisted 
new leaf tips occurred at £0.05 pM B, and pale bands 2-3 mm wide exhibited on leaves o f 
moderately B-deficient plants. The membrane permeability coefficient o f H3B03 was 
determined to be 0.488* 10* cm s'1 for rice roots and 1.81 * 10* cm s'1 for soybean roots. 
Estimating boron diffusion during the six-hour assay is a novel and accurate technique for 
determining the importance o f diffusion, transpirational flow, and active uptake 
mechanisms. It was estimated that 59% o f total B uptake for rice and 39% for soybean
x
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
were due to active uptake for B-deficient plants. Significant effects were found from 
respiration inhibitors (0.05 mM DNP) on B uptake by B-deficient rice grown in solutions 
at four levels o f B (0.2, 0.5, 2.5 and 10 pM) during a six-hour assay.
xi
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I. INTRODUCTION
Boron (B) is one o f nine essential micronutrients required for plant growth. 
Though early reports on B emphasized its harmful effects, interests in B and B deficiency 
have been increasing and recognition o f importance o f B in agriculture has grown rapidly 
since the discovery o f B as a required micronutrient element in 1923.
B-deficiency symptoms and the critical range for B deficiency in rice are rarely 
reported. Though some researchers described B-deficiency symptoms to rice when no B 
was applied, such extreme effects may not occur in field conditions where some B is 
present. Thus, it is important to identify symptoms under moderately B-deficient 
conditions. The critical ranges o f B in tissue, soil and solution are usually specific to plant 
species, and the existing data may not be applicable to rice, for, unlike dicots, rice has a 
relatively low requirement for B and grows in flooded conditions. There are few such 
data concerning rice, and they are contradictory.
Rice-yield increases due to B application have been reported mostly in Asia.
Boron deficiency has not been reported for rice in the United States but no studies have 
been conducted either. Our surveys indicated that some rice from southwestern Louisiana 
were low in B according to the previous criteria. Our field studies failed to find a yield 
response o f rice to B application (foliar spray) at the Allen Parish and Cameron Parish 
sites in Louisiana for two years. Field studies are prone to variability and many yield- 
limiting factors that make B-deficiency studies problematical. The greenhouse and 
growth-chamber studies that w ill be presented here were adopted to determine B effects 
on rice in low-B soils.
1
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The mechanism o f B uptake, whether passive or active, is not clearly understood 
and arguments have continued for several decades. Though it seems a dominant opinion, 
the passive uptake mechanism cannot explain some experimental data. Furthermore, there 
are several major concerns with most previous studies o f B absorption. Those researchers 
tended to use unrealistically high B levels in solution cultures. They focused on B 
absorption and B desorption using excised roots rather than whole plants. Unfortunately, 
the results from such studies are misleading toward the understanding o f passive uptake 
mechanisms. On the other hand, no convincing results are available to support the active 
uptake mechanism. The classical analysis o f elemental uptake based upon determination 
o f transmembrane electrochemical gradients, analysis o f absorption kinetics, and the 
measurement o f electrical changes upon ion uptake do not readily apply to studies o f B 
because o f the zero charge on the B molecule taken up by plants. Thus, improved 
techniques should be developed for studies on B-uptake mechanisms.
This study used B levels often encountered in the real world under B deficiency 
conditions. Previously, such studies were difficult due to analytical constraints, but access 
to ICP-MS makes it possible to determine B at low levels today. A novel and accurate 
technique was developed for quantifying the influx by diffusion o f B into plants and 
estimated the membrane permeability to boric acid. Based on our experimental data, this 
study showed some errors in others’ research about the excessive energy cost in active 
uptake and the linearity between B uptake and B supply. The inhibitor trial used in this 
study also yielded interesting and additional evidence for an active B-uptake mechanism.
2
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H. LITERATURE REVIEW
A. History of boron in plant nutrition
Boron has been known to be present in plants since 18S7, according to Ploquin 
(1967), and plant nutrition experiments with B began in the 1870s. Boron was originally 
regarded as a “poisonous element”  to explain its negative effects observed by researchers. 
Owing to the high concentrations o f B in the nutrient solutions they used, they observed 
only that B harmed plants by inhibiting germination and root growth and causing chlorosis 
and necrosis in the aboveground parts.
Proof o f the essentiality o f B in plants was first published by Warington (1923) 
who showed not only that field bean (Vicia faba L.) died when B was not supplied, but 
that B was needed for revival in non-fatal cases. Later, Sommer and Lipman (1926) also 
showed that B was an essential nutrient for plants. However, before Warington, there had 
been several studies, especially those by Agulhon (1910) and Maze (19IS) in France, 
showing beneficial effects o f B on plant growth. Indeed, none o f the reports before 
Warington (1923) met the criteria for B as an essential mineral element, a term proposed 
by Amon and Stout (1939). For an element to be considered essential, three criteria must 
be met: i) a given plant must be unable to complete its life cycle in the absence o f the 
mineral element; ii) the function o f the element must not be replaceable by another mineral 
element; iii) the element must be directly involved in plant metabolism. Even the better 
Warington study left unresolved whether B could be replaced by another element or that B 
was directly involved in plant metabolism. Certainly, numerous experiments would need 
to be done to show another element could replace B. Even today, essential role o f B in 
plants is still not clear.
3
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B. Boron speciation in plants and soils
1. Boron complexes
Boron has been known to be essential to plants since 1923, but the precise B 
species involved in the essentiality o f B in plants have not been established, although many 
have been suggested (Power and Woods, 1997). The roles o f B are mainly due to its 
ability to form complexes with cis-hydroxyl groups o f organic poly hydroxy compounds 
(polysaccharides, phenols, flavonoids) and possibly also nucleosides (Augsten and 
Eichhom, 1976). Boron complexes are believed to stabilize the cytoplasmic membrane 
and increase its permeability. The involvement o f B in cell walls affects enzyme function; 
the transport o f ions, metabolites and hormones (Gupta, 1993); and cell wall stability and 
extensibility (Hu and Brown, 1994).
a. Physical properties
Boron is a highly refractory metalloid (Emsiey, 1991), which is difficult to prepare 
in a state o f high purity because o f its very high melting point (-3400 K) and its corrosive 
properties as a liquid. The stable isotopes o f B are o f mass 10 and 11 with an approximate 
natural abundance ratio o f 0.2:0.8 giving an atomic weight o f 10.81. The most important 
oxidation state for B is a valence o f +3. The +1 oxidation state is common in heavier 
elements o f the B group (e.g., thallium cation or TP), but is essentially unimportant in the 
chemistry o f naturally occurring B compounds. Boron does not form the small, highly 
polarizing B3+ cations under normal conditions, for the high ionization potentials for the 
valence electrons in B are too great to be compensated by lattice energies o f ionic 
compounds it might form or by the hydration o fB 3+ ion in solution (Cotton and 
Wilkinson, 1989). Mainly covalent rather than ionic bonds are formed in B complexes.
4
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Boron has a coordination number o f 3 or 4 in naturally occurring compounds, and 
higher coordination numbers (i.e., S or 6) are observed only under laboratory conditions 
(Power and Woods, 1997). The electronic structure o f B is 2s22pl, but B forms three 
covalent bonds using trigonally hybridized sp2 orbitals. Trigonal B compounds complete 
their octet by acting as Lewis acids via sp3 hybridization with Lewis bases (Cotton and 
Wilkinson, 1989; Gupta, 1993).
b. Boric acid
Boric acid is a very weak monobasic acid that acts as a Lewis acid [Ka = 5.75 * 10 
-l0 or pK = 9.24 (Bassett, 1980); Ka = 5.808 * 10 -,0 or pK = 9.236 (Smith and Martell, 
1989)] by accepting a hydroxyl ion to form the tetrahedral borate anion, according to the 
equilibrium:
B(OH)3 + H20  « B(OH)4 ■ + H t 
A trigonal structure for boric acid and a tetrahedral structure for the borate anion 
have been verified by results from nuclear magnetic resonance (Coddington and Taylor, 
1989) and Raman spectroscopy (Maeda et al., 1979). At concentrations less than 20 mM, 
only the mononuclear species B(OH)3 and B(OH)4'  are present (Cotton and Wilkinson, 
1989). These species are expected to occur in plant fluids (Power and Woods, 1997). A t 
higher concentrations and with increasing pH, polynuclear ions such as B20(OH)62"o r 
those incorporating B30 3 rings such as B30 3(0H)4~, B40 5(0H )42~ (the borax anion) and 
B50 6(0H )4“ are formed. The interaction between B(OH)3 and B(OH)4" may produce 
[B30 3(0H )s]2~as in the following equation:
B(OH)3 + 2B(OH)4- ** [B30 3(0H)j]2- + 3H20
5
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Further increases in pH result in higher nuclearity borates, but above pH 10 only 
B(OH)4" is produced. Another important property o f boric acid that influences B 
adsorption is its ability to form cis-diol complexes with a variety o f organic molecules (Hu 
and Brown, 1997).
Similar results can also be predicted by the computer program GEOCHEM-PC 
(Sposito and Mattigod, 1980; Parker et ai., 1995). Some useful data for the program are 
listed in Table H -l.
Table II-1. Stability constants for boric acid1
HL / H.L t  
H L j/L . HL
B(OH)4 +H + * B(0H)3+H,0 
B(OH)4- + B(OH)3 » B ,0(0H )5- + H,0
log K= 9.236 
log K =-0.12
H jL j / H L j .H L 2[B(OH)4'] + FT -  B ,0(0H )s +2H20  
B20(0H )j +B(0H)3 «* B30 3(0H)4- + 2H,0 
B(OH)4- + W  « B(0H)3+H20
logK= 9.116 
logK= 2.33 
logK= 9.236
H2L4 / H X j. L 3[B(OH)4 ] + 2H* « B30 3(0H)4 +5H20  
B3Oj(OH)4 +B(OH)4- « B40 5(0H)42- + 2H20
log K= 20.685 
logK= -0.04
4[B(OH)4 ] + 2H+ « B40 5(0H)42* + 7H20 log K= 20.645
c. Borate esters and borate complexes
Boron has the ability to complex with compounds containing cis-hydroxyl groups 
(as opposed to hydroxyl in a trans position). Such groups are called diols (D) as shown 
below;
t
I added stability constants for the B20(0H )5’, B30 3(0H)4', and B40 5(0H )42' species to the
Geochem-PC program database, where constants for B(OH)3 and B(OH)4 already existed
(Table II-1). The constants were listed at an ionic strength o f zero, and temperature o f
25 °C (Smith and Martell, 1989). See Appendix B for exact modifications to the
GEOCHEM-PC dataset.
6
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/O H
I or R
= C -O H  \ OH
The formation reactions o f mono-chelated and bis-chelated B-diol complexes are
formed as depicted in the following equations (Gupta, 1993):
R(OH)2 + B(OH)4- -  [RB04H2r  + 2H20
Dioi Mono-chelated
Boron-diol complex
[RB04H J -+  R(OH)2 ■ [R2B04]-  + 2H20
The ester type formed depends on the borate to diol ratio and pH, with the BD 
type formed preferentially in solutions o f higher borate to diol ratios and BD2 at lower 
ratios. Ester formation results in enhanced acidity and a negatively charged complex 
(Gupta, 1993).
In a recent review, Power and Woods (1997) listed several ways to form borate 
esters and borate complexes. Boric acid reacts with alcohols in accordance with the 
following equation:
Bis-chelated 
Boron-diol complex
The principle types o f esters are formed as the following:
R(OH), + B(OH)3 « [RB04H2] H + + H ,0
(BD)
[RB04HJ - FT + R(OH)2 « [R2B04] ’  H+ + 2H,0
(BDj)
B(OH)3 + 3ROH *  B(OR)3 + 3H20
7
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The above reaction may be driven to completion either by removal o f the water 
component or by addition o f a hydrocarbon, e.g. benzene or toluene, to form an azeotrope 
which may be removed by distillation. A wide variety o f boric acid esters may be 
synthesized in this way. The stability o f the borate complex formed is strongly dependent 
on the type o f diol used. Borate ester formation with 1,2 diols represented by LH2 is 
shown in the following equations:
B(OH)4 +LH, “ BL(OH)2 + 2HjO
B(OH)4 * + 2LH2 « B U  + 4H,0
Some o f the k2 and/or k, values have been measured for various polyols such as 
glycerol, D-mannitol, D-glucose, D-sorbitol, and D-ribose, which are found in plants 
(Sanderson, 1980).
Essentially the esters are formed and dissociate spontaneously on a rapid time scale 
in a variety o f pH-dependent equilibria. The monitoring o f the electrical conductivity o f 
the solution provides a measure o f complex formation. Recently, lH, llB and 13C NMR 
spectroscopy have been increasingly applied to the measurement o f solution equilibria in 
borate complex formation.
The sorbitol and rhamnogalacturonan-II (RG-II) complexes from plants involve 
the complexation o f borates to polyols (Brown and Hu, 1996). Given the ubiquity o f the 
-OH groups in biological molecules, more examples w ill no doubt be found. For instance, 
in comparison to dicotyledonous crops, the low B contents in cereals and grains are 
mainly due to their low pectin contents (Hu et al., 1996). I need more information on the 
localization and nature o f B-complexes under cellular conditions.
8
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2. Boron speciation in soils
a. Forms o f B in soil
Boron exists in soils in four main forms: water-soluble, adsorbed, organically 
bound, and fixed in clay and mineral lattices (Gupta, 1993). Boron can be chemically 
combined with soils via ligand exchange, precipitation o f insoluble borates with 
sesquioxides, sorption o f borate ions or molecular boric acid, formation o f organic 
complexes, and fixation o f B in the clay lattice (Eaton and Wilcox, 1939; Hingston, 1964; 
Sims and Bingham, 1967 and 1968). Naturally occurring B is typically bound with oxygen 
as a borate (B-0 compounds), less often as boric acid or much more rarely, bound to 
fluorine as BF.," (Power and Woods, 1997).
b. B adsorbing surfaces
According to reviews by Gupta (1993) and Goldberg (1997), the adsorption o f B 
can occur on B adsorbing surfaces as follows: I)  oxide minerals such as aluminum and 
iron oxides (Harada and Tamai, 1968; Bingham, et al., 1971; Goldberg and Glaubig,
1988), and magnesium hydroxide (Rhoades et al., 1970); 2) clay minerals with an order o f 
B adsorption on a per gram basis: kaolinite < montmorillonite < illite  (Hingston, 1964;
Sims and Bingham, 1967; Goldberg and Glaubig, 1986); 3) calcium carbonate; and 4) 
organic matter, which is an important soil factor affecting the availability o f B by means o f 
a ligand-exchange B-sorption mechanism (Yermiyaho et al., 1988).
c. B content in soil
The total B concentration in soil varies with type o f parent material and degree o f 
weathering; values may range from 1 to 270 mg B kg'1. Most soils have a low B content, 
i.e., < 10 mg B kg*1. High B content (10-100 mg B kg*1) soils are those associated with
9
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recent volcanism (Power and Woods, 1997). Tourmaline, a group o f minerals that are 
complex borosilicates and the most common B mineral identified in soils, contains 3 to 4% 
B(Whetstone et al., 1942). The B atoms are located within B03 triangles that form strong 
covalent B-0 bonds (Tsang and Ghose, 1973). Tourmaline is formed from acid rocks and 
metamorphosed sediments. Because o f its slow dissolution, tourmaline is a poor source o f 
B for plants (Graham, 1957; Fleming, 1980). In the short term, soil B availability w ill 
depend on the kinetics o f B release from hydroxylated mineral surfaces and organic 
matter, but in the long run it w ill depend on the weathering o f the nearly insoluble B 
mineral reserves.
3. Boron speciation and function in plants
The precise B species involved in the essentiality for plant function have not been 
determined (Power and Woods, 1997), though many relevant hypotheses have been 
suggested (Loomis and Durst, 1991). Therefore, much remains to be learned about the 
physiology and biochemistry o f B in plants.
Boron has been thought to be linked with cell elongation, cell division, nucleic acid 
metabolism, photosynthesis, translocation, respiration, cell wall biosynthesis, nitrogen 
fixation, N compound metabolism, tissue differentiation, auxin and phenol metabolism, 
membrane function and enzyme interaction (Pilbean and Kirkby, 1983; Shelp, 1993;
Gupta, 1993). The majority o f these roles probably represent secondary effects caused by 
boron deficiency (L i and Zhu, 1991; Gupta, 1993). For example, Brown and Hu (1997) 
proposed that the primary and possibly sole function o f B is as a structural component o f 
growing tissues. Most B in plants is in a nonexchangeable form and cannot be rinsed out, 
suggesting strong complexation (Brown and Hu, 1994). Studies show that these
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complexes are likely within the pectic fraction o f the cell wall outside o f the cytoplasm o f 
cellular fluids (Hu and Brown, 1994; Hu et al., 1996). Loomis and Durst (1992) 
discovered apiose, a strong furanosidal comp lexer o f borate, as a component o f pectic 
polymers in aquatic and graminaceous monocots, dicots and gymnosperms.
A role for B in cell wall biosynthesis has been suggested, through ester formation 
with cis-diol groups (Augsten and Eichhcom, 1976; Loomis and Durst, 1991). A similar 
suggestion was made by Teasdale and Richards (1990), who found that B deficiency was 
induced by adding mannitol to cultured pine (Pimis) cells. Other evidence indicating the 
role o f B in cell walls is the lack o f B requirement by animals. Since animals do not have 
cell walls, animals would not require B.
Several studies have succeeded in isolating and characterizing rhamnogalacturonan 
II (RG-II), a complex polysaccharide o f the pectic fraction o f primary cell walls (Darvill et 
al., 1978; Stevenson et al., 1988; Whitcombe et al., 1995). The boron/RG-II complex has 
also been identified in rice (Oryza sativa L.) (Thomas et al., 1989). Matoh et al. (1996) 
suggested that the RG-n/borate complex might be present in all higher plants. However, 
there were arguments against cell walls as the site requiring B in plants. Parr and 
Loughman (1983) argued that B was not required in the cell wall, since it was not 
essential for the growth o f fungi. Another view was that the polysaccharides o f 
graminaceous plants are very low in B, pectin, and complexable polysaccharides [e.g., rice 
cell walls contain only 0.1% RG-II] (Thomas et al., 1989), hardly sufficient forB  
crosslinks to account for all o f the effects described by Loomis and Durst (1992). 
Goldbach (1997) also discounted the cell-wall-B essentiality hypothesis, preferring a
11
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mechanism involving B(OH)3 passing through the plasmalemma. However, the 
mechanisms of B uptake (passive vs. active) by plant roots has been the subject o f 
considerable controversy, though models o f boron movement in soils are available (Shani 
et al., 1992; Shani and Hanks, 1993). Perhaps, all these opinions are partially correct, for 
more than one site can be responsible for B essentiality in plants. Also, plants differ greatly 
in their B requirement with different functions likely.
Many studies suggested that B functions at the membrane level (Parr and 
Loughman, 1983; Blaser-Grill et al., 1989; Ferrol et al., 1993). Impairment o f membrane 
function could affect the transport o f all metabolites required for normal growth and 
development and the activities o f membrane-bound enzymes. Evidence for this opinion is 
based mainly on the rapidity o f the response to altered B nutrition (Gupta, 1993). Boron 
deficiency could lead to: i) impaired membrane function (Parr and Loughman, 1983; Shelp 
et al., 199S); ii) reduced ability o f membranes to transport vital nutrients and metabolites, 
due to the build-up o f auxin (Robertson and Loughman, 1974) and phenol, and increased 
RNAase activity (Dave and Kannan, 1980); iii) inhibited membrane uptake o f other 
nutrients, especially K* (Goldbach, 1985; Schon et al., 1990; Cakmak et al., 1995); iv) 
effects on phosphate transport across membranes (Loughman, 1977; Rolden et al., 1992; 
Lawrence et al., 1995); and v) reduced cellulose content in cell walls (Goldbach and 
Amberger, 1986).
Boron plays an important role in developing reproductive organs in plants. 
Adequate B supply is essential to reproductive processes and the requirement for B in 
reproductive growth (flower and seed production) is much higher than that for vegetative
12
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growth (Gupta, 1993; Nyomora et al., 1997). Under moderate B deficiency conditions, 
foliage yield may decrease slightly but seed yield decreases drastically. In early B studies, 
extensive research reported B effects on the reproductive process o f plants and the 
germination o f pollen. Frequently, B additions increase yields along with flowers and fruit 
(Page and Bergeraux, 1961). Garg et al. (1979) found that the supply o f boron improved 
the pollen vitality o f rice flowers. Sharma et al. (1981) reported that B deficiency led to 
abnormal flowering and the suppression o f flower formation in rice. Rerkasem et al.
(1991 and 1993) reported grain-set failure in B-deficient wheat. Grain-set failure in B- 
deficient rapeseed was reported on a large scale in China (Li and Zhu, 1991). The positive 
effect o f B fertilization on rice-seed yield was believed to be due to earlier heading and the 
12 to 17% increase in flower fertility (Xiong, 1988). Li and Liang (1997) concluded that 
B application increased yields through improving grain fruiting in rice, maize, and soybean 
(iGlycine max L.) (reduced empty pods) and by reducing the incidence o f physiological 
disorders in sugarbeets (Beta vulgaris L.) (crinkled leaves and "rotten heart’ due to dead 
growing points). However, the mechanism(s) by which B plays such a fundamental role in 
the life cycle o f plants is still unclear although proper pollen germination and stigma 
receptivity are considered to be the processes most affected by B deficiency. Large 
genetic variability exists between various cultivars o f the same plant species with respect 
to B requirement and B transport to the foliage and seeds (Gupta, 1993). Thus, more 
research is needed for a better understanding o f the effects o f B on flower and seed 
production.
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C. Factors affecting B availability to plants
There are many factors inducing the likelihood o f boron deficiency, such as soil 
leaching, crop removal o f B, fixation o f B by organic matter, interaction o f B with N, K 
and Zn, high soil pH, sandy soil texture and drought (Liu et al., 1980; Yu et al., 1991; 
Gupta, 1993; Goldberg, 1997).
1. Soil pH
Soil pH may be the most important factor affecting B availability to plants, 
primarily because pH controls the ratio o f boric acid to borate anion in solution.
Generally, increasing soil pH reduces B bioavailability (Barber, 1984). Increasing soil pH 
decreased the soil-B diffusion coefficient and increased B adsorption (Scott et al., 197S). 
The latter effect was because o f the conversion from B(OH)3 to B(OH)4" (Table II-2). 
Below pH 7, solution B is dominated by B(OH)3 which has relatively low affinity to soil 
clay, and little  B adsorption to soil occurs. As the pH increases, more B(OH)3 converts to 
B(OH)4', which has a relatively strong affinity to soil clay, and thus, B adsorption 
increases (Keren and Bingham, 198S). In addition, cell membranes are much less 
permeable to the anion, B(OH)4~. Greater permeation o f the uncharged B(OH)3 through 
a membrane might be related to the transport down the electrochemical pH gradient 
across the plasma membrane, which corresponds to a chemical gradient toward the 
cytoplasm for the uncharged species, i.e., B(OH)3 (outside) -  B(OH)4'  (cytoplasm) 
(Marschner, 1986). The distribution o f B species in water is shown in Table H-2. A 
similar distribution o f borate species also occurs in a hydroponic solution.
14
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Table II-2. Distribution of boron species with pH in water (log K=9.24)
pH B(OH)3
%
B(OH)/
%
Comments
5.00 99.99 0.01 Nutrient solution pH (pH 5 - 6.5) used in
6.00 99.94 0.06 my studies is common in rice soils.
6.50 99.82 0.18
7.00 99.42 0.58 Cytoplasmic pH ranges from 7.0 to 7.5.
7.50 98.20 1.80
8.00 94.51 5.49
9.24 50.00 50.00
A negative relationship between soil pH and plant B occurs when soil pH levels are 
greater than 6.S. Boron availability to plants decreases sharply at higher pH levels, but the 
relationship between soil pH and plant B at soil pH below 6.S does not show a definite 
trend (Peterson and Newman, 1976; Gupta et al., 1977). Liming o f acid soils can trigger 
at least a temporary B deficiency owing to the greater B adsorption at the higher soil pH 
(Reisenauer et al., 1973).
2. Soil texture
Boron uptake is mainly determined by the B concentration in the soil solution and 
the rate o f water use by plants, given the same genotype associated with a particular plant 
species2 (Hu and Brown, 1997). Soil texture affects the B release characteristics o f soils, 
and it appears to have a modifying effect on the amount o f B extracted by a chosen 
extractant (Gupta, 1993). The rate o f B movement in soils was primarily related to the 
soil texture and thus, B leaching is more likely in the coarser textured soils. Sandy soils 
usually contain less available B than do soils with finer textures (Kubota et al., 1948;
2This dissertation w ill discuss new findings that alter this understanding.
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Barber, 1984). Coarse-textured soils in humid regions (w ith high weathering and 
leaching) are the soils most likely to produce B deficiencies.
However, research results indicated that if  the hot-water-soluble B content o f 
sandy loam and silt clay soils were the same, plants grown on the sandy loam contained 
three times as much B as those grown on the silt clay soils (Reisenauer et al., 1973). 
Working with Illinois soils, Stinson (19S3) reported that B deficiencies appear in alfalfa 
(Medicago sativa L.) grown on fine textured soils when there is less than 0.5 mg kg *l o f 
water soluble B, while the critical level for sandy soils was about 0.3 mg kg ‘l o f water 
soluble B. Consequently, similar to some other elements such as P and K, soil test B 
critical values may decrease with coarser soil texture.
3. Organic matter
Soil organic matter can mineralize and be an important source o f B to plants. The 
hot-water-soluble B in soil has been found to be positively related to the organic matter 
content o f the soil (Berger and Truog, 1945; M iljkovi et al., 1966; Gupta 1968). Native 
soil B or adsorbed B was positively correlated with organic carbon content in soils from 
various countries (Harada and Tamai, 1968; Elrashiidi and O’Connor, 1982; Evans, 1987). 
On a weight basis, soil organic matter adsorbs more B than mineral soil constituents 
(Yermiyaho et al., 1988; Gu and Lowe, 1990). B adsorption to organic matter or soil 
minerals usually increases from pH 3.4 to 9.0, peaks near pH 9 , and decreases at a higher 
pH (Huettl, 1976; Yermiyaho et al., 1988; Lehto, 1995).
Ligand exchange is a possible mechanism for B sorption by organic matter 
(Yermiyaho et al., 1988). Sorption likely occurs via the formation o f B-diol complexes 
with the breakdown products o f soil organic matter (Parks and White, 1952). The
16
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formation o f these complexes via the reaction o f borate with several polyhydroxy 
compounds has been verified with NMR spectroscopy (Coddington and Taylor, 1989).
4. Moisture
Moisture appears to affect B availability to plants more than that for other 
nutrients, for the major portion o f B uptake by plants is usually moved to the plant via 
mass flow. On the relative significance o f the ways in which B moves from the soil to the 
roots o f com, Barber and Olson (1968) reported that 97% o f B was supplied by mass 
flow, 3% by root interception and none by diffusion. The limited mass flow to plants 
during drought periods, may be the causative factor o f B deficiency despite an adequate 
supply o f available B in soil (Barber, 1984). Polymerization o f boric acid may also be 
responsible for reduced B availability under drought conditions (Marschner, 199S) 
(However, GEOCHEM-PC does not predict polymerization, as no polymers are in the 
database (Parker et al., 199S )). Possibly, this is why some other nutrients, which are also 
moved to the plant primarily via mass flow, are not as sensitive to drought as B. Boron 
deficiencies are generally found in dry soils where summer or winter drought is severe 
(British Columbia Dept. Agric., 1976). Wetting and drying cycles intensify B fixation 
and the drying impact becomes more noticeable at higher B additions (Biggar and 
Fireman, 1960). The upland crops used in most previous studies, however, are different 
from rice in that rice is grown under flooded conditions and climatic conditions associated 
with drought (cloud-free days) may have the opposite effects on B-uptake in rice 
compared with non-flooded crops. So climate (humidity, temperature, light and cloud 
cover, etc.) would affect B-uptake more than moisture availability in a paddy field and 
nutrient content may vary greatly from year to year.
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S. Interaction
Potassium fertilization has been reported to increase incidence o f boron deficiency 
(Daliparthy et al., 1994; H ill and M orrill, 1975), but Kar and Motiramani (1976) working 
with various soils from Madhya Pradesh, India, noted a positive relationship between 
available B and exchangeable K. The K concentration o f the substrate affects B 
accumulation in tomato and corn (Reeve and Shive, 1944). Woodruff et al. (1987) 
reported a strong interaction between B and K, with high K fertilization rates inducing B 
deficiencies in com in South Carolina. Boron deficiency caused by high soil K is more 
than just the growth-dilution effect o f better nutrition. El-Kholi and Hamdy (1977) 
suggested that the accentuating effect o f excess K on both B toxicity and B deficiency 
symptoms in alfalfa might be due to the mechanism o f ceil permeability which is 
presumably regulated by B.
The interaction between B and K has been used as a proof for B essentiality 
principally because o f B effects on membrane leakage. Leakage o f K+ from sunflower 
leaves was 35 times higher in B-deficient than in B-sufficient plants (Cakmak et al., 1995), 
suggesting that B deficiency changes the permeability o f plant membranes to glucose, 
phosphate, protein, and IAA, in addition to influencing peroxidase activity (Goldbach, 
1985; Goldbach and Amberger, 1986). Boron in the media causes a significantly higher 
accumulation o f K+ (Schon et al., 1990). The overall conclusion is that K uptake by 
soybean does not occur in the absence o f B (Schon et al., 1991).
Large applications o f N to the growing medium resulted in decreased uptake o f B 
by crops (Gupta, 1993). Results indicated that high N might alleviate B toxicity
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(Chapman and Vanselow, 1955; Yamaguchi et al., 1958; Jones et al., 1963), but, on the 
other hand, might induce B deficiency (Smithson and Heathcote, 1976). Boron, in turn, 
affects N uptake. Kastori and Petrovic (1989) found that both deficient and toxic levels o f 
B decreased the total N content in the roots, shoots, and leaves o f sunflower (Helianthus 
annus L.). The possible involvement o f B in nucleic acid metabolism was reported, but 
this was presumably a secondary effect (Gupta, 1993).
Although reports on Ca/B interactions are often inconclusive (Gupta, 1979; 
Bergmann, 1992), potential interactions are likely to have a physiological basis 
(Marschner, 1995). In graminaceous species, the primary cell walls contain very little  
pectic material and these plants also have a much lower B and Ca requirement than in 
dicotyledonous species. These two plant groups also differ typically in Si content which is 
usually inversely related to the B and Ca requirement (Loomis and Durst, 1992). 
Interestingly, all three elements are mainly located in the cell walls. Other common 
features between B and Ca include similar structural functions in the cell walls and at the 
cell-wall plasmamembrane (Crisp et al., 1976). Goldbach (1997) suggested that B(OH)3 
crosses the plasmalemma, complexes in the cytosol, passes out o f the cell and is 
transported in the apoplast. This mechanism would explain the role o f B in leaves but 
does not explain B uptake by roots and movement to shoots.
Since B chemistry has similarities to silicon chemistry (Cotton and Wilkinson,
1980), and since rice needs higher Si but less B and Ca than other plants, it is possible 
there is an interaction among the three nutrients in rice. Work is needed to explore the Si- 
B or Ca-B interaction in rice.
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6. Crop removal
Boron availability is also influenced by crop removal. Even though the quantity o f 
soil B under most cropping systems may not be large, B deficiency is more likely to occur 
in crops that are fast-growing, highly-fertilized with macronutrients, and most o f the 
aboveground portion is harvested (Sedberry et al., 1969). Heavy cropping accelerates the 
exhaustion o f the soil B reserves. Crops vary widely in boron uptake with cereals and 
grains having only one-tenth the amount o f B as do dicotyledonous crops (Russell, 1973; 
Cayton, 1985), because o f the lower pectin content in the cereals and grains (Hu et al.,
1996). The distinct differences in B demand between these two plant groups are most 
likely related to the differences in their cell wall composition. Generally speaking, plants 
requiring more B are more sensitive to B deficiency but more resistant to B toxicity, and 
vice versa. Thus, legumes in general are more susceptible to B deficiency than cereals. 
Although rice is among the species least sensitive to B deficiency, numerous significant 
yield responses to B have been reported (Mehrota and Saxena, 1967; Lin, 1985; Lopes et 
al., 1986; Zhu, 1987; Chen, 1988; Zhang and Wang, 1988; L i and Zhu, 1991; Wang,
1991; He and Fu, 1992; L i and Liang, 1997; and Yu and Bell, 1998; and Yu, et al., 1999 
and 1999). High-yielding hybrid rice needs more B than common rice, and thus, is more 
vulnerable to B deficiency (Wang, 1991). Wall and Andrus (1962) reported that 
susceptibility to B deficiency was controlled by a single gene in tomato (Lycopersicon 
esculentum L.) and relatively few genes in barley (Hordeum vulgare L.) (Nable et al.,
1990b). These differences in B uptake cannot be explained by means o f differences in 
water use and thus bring about considerable difficulties in the interpretation o f B uptake 
by the passive uptake mechanism.
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7. Other
Light intensity dramatically affects nutrient availability to plants. High light 
intensity and low temperature are factors considered in relation to the occurrence o f B 
deficiency (Shorrocks, 1997). Studies conducted on young tomato plants grown in 
solution culture showed that B deficiency developed more rapidly at high than at low light 
intensity (Maclnnes and Albert, 1969; Gupta, 1993). This contrasts with the effect o f 
cloudy weather where B deficiency may occur due to limits on transpirational flow. In 
addition, it suggests that the control o f light intensity in growth chamber studies is very 
important.
Boron is normally present in the soil solution as a nonionized molecule throughout 
most o f the pH range suitable for plant growth, making it susceptible to leaching. 
Therefore, B deficiencies are widespread in tropical or subtropical regions, where higher 
weathering and leaching occurs. For example, in the southern region o f the United States, 
B-leaching losses may be the major factor contributing to B deficiency (Hodgson, 1963; 
Page and Bergeraux, 1961). Although rice has higher tolerance to B deficiency than most 
other crops, yield response to B has been reported in rice fields in southern China (L i and 
Zhu, 1991) and South America (Lopes et al., 1986).
D. Boron-deficiency levels and symptoms in rice
An adequate and balanced level o f nutrients is essential to rice during the entire 
growing season to ensure high yields. Though successful production and profitability o f 
rice depend on the integration o f several factors, fertilization management may be the most 
important.
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Boron deficiency is the most widespread micronutrient deficiency in plants.
Positive responses to B application, which provide clear evidence o f B deficiency, have 
been reported in over 80 countries and on 132 crops over the last 60 years (Shorrocks,
1997). Boron deficiency has been reported for at least one crop in 43 states o f the U.S. 
(Sparr, 1970). Crops vary widely in boron uptake with cereals and grains having only 
one-tenth the amount o f B as do dicots (Russell, 1973;Cayton, 198S). More work has 
been reported on B toxicity than on boron deficiency in rice, for rice is sensitive to B-toxic 
conditions but resistant to B-deficient conditions (L i and Zhu, 1991).
The ratio o f toxic to adequate levels o f B in plant tissue is the narrowest o f any 
nutrient (Reisenauer et al., 1973; Gupta, 1979; Cayton, 1985). This perpetuated and 
extensively cited ‘dogma’ was challenged by Chapman et al. (1997), indicating a wide 
range o f solution B concentrations (0.15 -160 pM) over which maximum or near 
maximum yield was produced.
Chapman et al. (1997), however, may have focused on a different issue. Though 
there can be a wide range in the external B concentration between B deficiency and B 
toxicity, the difference is usually relatively narrow between the critical deficiency and 
toxicity levels o f tissue B. These levels can differ by a factor o f 10 or less for B [e.g., 6-20 
pg B g‘l dry matter in wheat (Triticum aestivum) and 5-50 pg B g'1 dry matter in rice] 
(Chapman et al., 1997; Jones et al., 1991) as compared with a factor o f up to 104 for 
molybdenum [e.g., 0.1-1000 mg Mo kg*1 dry matter] (Marschner, 1995). On the other 
hand, the insensitivity o f tissue (internal) B concentration to solution (external) B 
concentration can hardly be interpreted by the prevailing ‘passive uptake’ mechanism. For
22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
instance, the internal B content o f algae is much less dependent on external concentration 
if  the solution B concentration is <10 pM (McBride et al., 1971).
The critical deficient and toxic levels o f B are usually associated with certain plant 
disorders and/or reductions in the yield o f crops. The critical level o f a nutrient has been 
defined as that which produces 90% o f the maximum yield (Ulrich and Hills, 1967). 
Agricultural soils generally contain from 0.3 to 1.5 mg kg 1 o f available B, with 0.3 to 0.5 
mg kg 1 considered the critical nutrient range in soils, depending on the crop grown 
(Mahler and McDole, 1981; Mahler et al., 1985). A consulting firm (Agro Service 
International o f Orange City, Florida, USA) used a soil-B critical level o f 0.3 mg B kg'1 
(Beijing Office o f PPIC, 1992), while others have suggested a critical value almost double 
that. For most crops, the critical value o f B deficiency for soils is accepted as 0.5 mg kg 'l 
water-soluble B. Current data from the literature suggest cereals need less boron, and 0.1 
mg kgwater-soluble B may be suitable for them (Bingham, 1973; Liu et al., 1982). 
However, for the production o f FI hybrid rice more boron is needed and the critical value 
o f B deficiency in soil should be 0.5 mg B kg'1 (Wang, 1991).
A B concentration o f 10 pM is frequently used in conventional hydroponic 
solutions. Chapman et al. (1997) did not find evident B-deficiency symptoms on any o f the 
five species at 0.15 pM B, and concluded that 0.15 - 2.5 pM B in solution is sufficient to 
produce maximum yield in all the species including wheat and pea. Lockard (1959) 
reported that 185 pM B (2 mg B kg*1) in the culture solution was harmful. Some others 
reported B toxicity symptoms and yield depression in rice when grown in culture with 140 
-  463 pM B (Cayton, 1985). Severe B toxicity was associated with 833 pM B in the
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interstitial solution (Ponnamperuma and Yuan, 1966). However, Garg et al. (1979), using 
sand culture, found the optimal solution for rice was 231 pM B. Thus, the literature 
contains conflicting reports about the nutrient solution B concentration to induce boron 
toxicity in rice.
The reported critical values o f either B deficiency or B toxicity in rice tissues were 
highly variable. The inconsistency o f the critical plant tissue B concentration could be due 
to many factors, including genotypic variation, the growth stage o f plants at sampling, and 
the environment, such as whether the experiments were conducted in a greenhouse or the 
field (Nable et al., 1990a). Some o f the critical deficiency levels were as low as 3.4 mg B 
kg'1 in straws o f rice at maturity (Tanaka and Yoshida, 1970), 4-5 mg B kg'1 in new leaves 
at panicle initiation (Jones et al., 1991) and 5 mg B kg'1 in new leaves at the maximum 
tillering (Mills and Jones, 1996), but some were as high as 13 mg B kg'1 in young leaves 
near maturity (Sharma et al., 1981) and 26 mg B kg'1 in straw (Ponnamperuma and Yuan, 
1966). On the other hand, critical values of toxicity in rice straw at maturity were as high 
as 100 mg B kg'1 (Tanaka and Yoshida, 1970) and as low as IS mg B kg'1 in new leaves at 
the maximum tillering (M ills and Jones, 1996). Generally speaking, the range between 
deficient and toxic levels o f B in plant tissue is relatively narrow.
Boron toxicity symptoms in rice in both greenhouse and field are light brown tips, 
marginal discoloration o f older leaves, elliptical necrotic spots on the discolored areas, 
and, lastly, the entire leaf blade turns light brown and dies (Lockard, 1959; Cayton,
1985). Boron toxicity in rice is mainly a result o f irrigating with alkaline, high B water 
(Ponnamperuma et al., 1981).
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Generally, B-deficiency symptoms occur in the growing tip, conductive tissue, and 
roots, all o f which are regions o f rapid growth. This is closely related to the nature o f 
limited B mobility in most plants. However, rice like some other graminaceous plants, 
exhibit fewer deficiency symptoms. Generally, B deficiency symptoms in rice are 
discoloration o f new leaves and the death o f the tips o f the leaves (Ishizoka, 1971). 
However, visual B-deficiency symptoms o f rice were observed only in hydroponic culture 
(Karim and Vlamis, 1962; Ishizoka, 1971) and sand culture (Sharma et al., 1981). Under 
these circumstances in zero-B treatments, B was so deficient that rice failed to set viable 
seed. B-deficiency symptoms in rice first occur in the youngest shoots. The color at the 
start o f deficiency is dark green in the leaf and brown in the root. Then the last emerging 
leaves become shorter both in length and width with many light yellow to white areas in 
the middle or upper part o f the leaf. The next emerging leaves are folded and almost 
white. Later, many small, white chlorotic spots appear all over the tissues in young and 
old leaves alike (Karim and Vlamis, 1962). Boron deficiency symptoms in other crops 
include chlorosis and browning o f young leaves, dead growing points, distorted blossom 
development, lesions in pith and roots and cell division. Unfortunately, boron deficiency 
may retard growth o f plants without producing macroscopic symptoms in the shoot 
(Scott, 1944). This is particularly true in field conditions. Furthermore, the critical 
nutrient values o f B deficiency in either solution, soil or tissue for rice are still not dear. 
Leaf diagnoses in situ and tissue analysis in a lab may be effective.
Reports on yield responses to boron in rice were found mainly in Asia, particular in 
China and India, when soil boron was extremely low (maybe < O.S mg kg 'l hws B)
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(Mehrota and Saxena, 1967; Lin, 198S; Lopes et al., 1986; Zhu, 1987; Chen, 1988; Zhang 
and Wang, 1988; L i and Zhu, 1991; Wang, 1991; He and Fu, 1992). L i and Liang (1997) 
reported an average rice yield increase o f S60 kg ha'1 on four out o f five soils with B 
content ranging from 0.1 to 0.6S mg kg'1, in field experiments o f borax application. Rice 
yield responses to B were tested in sand culture in India (Garg et al., 1979, Sharma et al.,
1981). Unfortunately, visual B-deficiency symptoms were not described, nor were critical 
values clearly mentioned in most o f these reports.
Rice is an important part o f Louisiana agriculture both economically and 
historically (Bagent, 1987). However, no research has been conducted on B deficiency in 
Louisiana rice. Incomplete and even conflicting data were reported concerning B critical 
values o f B deficiency in rice tissues and in paddy soils; and normal B concentrations used 
in hydroponic culture o f rice and B concentration series used in rice culture solution were 
also reported to be very different. The differences and controversies in the accuracies o f 
these critical values and solution B concentrations impose serious restrictions in planning 
research diagnosing soils or plants.
E. Boron uptake mechanisms in plants
Molecular and ionic movement between different compartments in biological 
systems is known as transport. Transport can occur between the outside and the inside o f 
a plant, between different points within the plants (as in transport by the xylem or the 
phloem), and between a cell and the extracelluar environment. Transport between the cell 
and its environment is usually controlled by the plasma membrane. Transport is a highly 
selective process. The extent to which a membrane permits or restricts the movement o f a
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substance is called membrane permeability and depends on the composition o f the 
membrane as well as the chemical nature o f the solutes (Taiz and Zeiger, 1998).
Most nutrients are taken up by the roots at the cell plasma membrane. However, 
some nutrients can move into the xylem without crossing the plasma membrane. This 
occurs at root tips prior to cell differentiation and before the formation o f the water- 
impermeable Casparian strip. It also occurs in older tissue when budding lateral roots 
temporarily break the Casparian strip. Nutrient uptake in these cases is solely controlled 
by transpirational flow3. Estimates o f water uptake via this route vary greatly with 
conditions, from 1% to 98% (Marschner, 1995).
The transport o f ions and other substances through the plasma membrane o f living 
cells is a process in which diffusion undoubtedly plays an important part (Gosting, 1956). 
Fick’s law (Fick, 1855 from Stein, 1967) indicates that diffusion (or passive transport) w ill 
always proceed spontaneously, down electrical and chemical gradients (or, more precisely, 
electrical and chemical potentials), until equilibrium is reached.
Fick’s first law can be formulated as J, = - Dj (dC/dX), where Jj = flux density o f 
solute j  (mol m’2 s '*), Dj = diffusion coefficient (m2 s '*), Cj = concentration o f j  (mol m'3), 
and X = distance in meter (m). In general, the diffusion flux density Jj (mol m"2 s*1) is 
proportional to the driving force (- dC j/dX)(mol m"*) for diffusion in one dimension. The 
diffusion coefficient is a measure o f the ability o f the diffusive flux density o f species j  in
3
In studies to be reported here, B uptake via this role could be more than 25% o f total B 
uptake (B uptake assuming all transpirational flow crossed at breaks in endodermis and 
totally indiscriminate uptake).
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certain conditions. Usually D j is a constant with units area per time ( m2 s '1). Fick’s law 
can be modified to describe the diffusion o f molecules across a membrane as J, = - D ■i K 
j(C j0 - C j ') / AX = Pj (Cj ° - C j '), where Kj is the partition coefficient (the ratio o f the 
concentration just outside the membrane and the concentration just inside membrane), Cj° 
= concentration outside membrane and C j1 = concentration inside membrane, AX is 
membrane thickness and Pj(= - D j K /A X ) is called the permeability coefficient o f species 
j. The permeability coefficient conveniently replaces three quantities that describe the 
diffusion o f some solute across a membrane or other barrier. Thus, Pj is a single, readily 
measured quantity characterizing the diffusion o f some solute across a membrane or other 
barrier. The units o f P j are length per time, e.g. m s'1 (Nobel, 1990). Estimates o f the 
permeability o f plant-cell plasmalemma to B(OH)3 range from 10'* to 10'7 m s ' l at about 
20 °C (Raven, 1980). Thus, the membrane permeability o f boric acid is relatively large 
compared with those o f small ions such as K+ (Table II-3).
Table Q-3. The permeability coefficients o f several biologically important molecules.
Type o f molecule Permeability (m s'1) t
nonpolar molecules (such as OJ 0.3
H20 1 x io -4
small non-electrolytes 1 x 10-6
small ion (K+) 1 x io  '9
t  Data are selected from Taiz and Zeiger, 1998.
However, calculations o f membrane permeability based upon ether-water partition 
coefficients as was done by Raven (1980) are undoubtedly over simplified. Unlike 
artificial bilayers, natural membranes contain transport proteins that facilitate the passage
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o f ions and other polar molecules. Thus, estimations o f B fluxes based solely on 
theoretical lipid permeability are inadequate to predict B uptake by plants. Genotypes 
within a species could differ several fold in B permeability, and significantly affect B 
uptake by roots (Hu and Brown, 1997). On the other hand, active uptake by a membrane 
transporter may be involved in certain situations.
There are two types o f membrane transporters: channels and carriers. Channel 
proteins act as membrane pores, and their specificity is determined by the biophysical 
properties o f the channel. Carrier proteins bind the transported molecule on one side o f 
the membrane and release it on the other side. Carrier-mediated transport can be either 
passive or active. Passive transport on a carrier (down the electrochemical gradient) is 
sometimes called facilitated diffusion. Carrier-mediated active transport systems that 
move solutes against a chemical or electrochemical gradient are often called pumps, using 
energy usually from ATP hydrolysis (Taiz and Zeiger, 1998).
Passive uptake or transport is ion or molecule movement that occurs with no effort 
by the cells, i.e., without energy being expended. Active uptake or transport refers to ion 
and solute movements that are against electrochemical potential gradients and require 
some direct input o f cellular energy. Movement against a chemical potential gradient is 
indicative o f active transport. By comparing the molecular uptake rate under normal 
conditions with that using metabolism inhibitors, one can determine whether energy is 
involved in uptake. Passive uptake w ill not be affected by metabolism inhibitors. On the 
basis o f the evidence o f active uptake, a kinetic analysis can help to determine enzyme 
reactions and be used to distinguish between channel-mediated diffusion and carrier- 
meditated transport.
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Surprisingly, however, few have studied B-uptake mechanisms by means o f the 
above typical methods. Hu and Brown (1997) claimed that classical analysis o f elemental 
uptake based upon determination o f transmembrane electrochemical gradients, analysis o f 
absorption kinetics and measurement o f electrical changes upon ion uptake do not readily 
apply to studies o f B, due to complications resulting from: i) the uncharged boric acid 
molecule; ii) the relatively high (though poorly defined) membrane permeability o f boric 
acid; and iii) the propensity o f B to form complexes in the cell wall and cytoplasm. 
Perhaps, this is why the B-uptake mechanism (active vs. passive) has been a hotly disputed 
topic for decades. So far, the passive uptake mechanism is dominant.
Bingham et al. (1970) conducted one o f the first detailed studies o f B absorption 
using excised barley roots. With B at 925 pM (10 mg B kg*1) and a 4-h absorption 
period, a strong pH dependency in the alkaline range for B absorption was found. During 
a 24-h period, no B accumulation against a concentration gradient occurred within the 
root as solution B varied from 18.5 to 7400 pM. At pH 6.0, changes in substrate 
temperature (at 463 and 1850 pM B), salt composition (at 925 pM B), or addition o f 
KCN and 2,4-dinitrophenol (DNP) (at ^ 231 pM B) failed to exert any influence on B 
absorption. Thus, Bingham et al. (1970) concluded that B absorption is a physical, non- 
metabolic process acting in response to B concentration gradient and that molecular boric 
acid is favored for absorption. Similar evidence was also provided by other researchers 
(Tanaka, 1967; Oertli and Grgurevic,1975; Raven, 1980; Seresinhe and Oertli, 1991). 
Using stable B isotopes and inductively coupled plasma-mass spectrometry, Brown and 
Hu (1994) reported that B absorption is linear over a wide range o f B concentrations (0 -  
200 pM or 200 -  10000 pM).
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However, there are several major concerns with the study o f Bingham et al.
(1970). First, the B concentrations used were mostly at a toxic level. It has been reported 
that barley plants have a low B requirement (Loomis and Durst, 1992). Usually, 0.1 mg 
kg '* water-soluble B (» 10 pM) may be suitable for cereals (Bingham, 1973; Liu et al.,
1982). Nable (1988) reported B toxicity symptoms developed on sensitive barley cultivars 
after 11 days growth at solution B concentration o f200 pM. Secondly, the barley roots 
used were only rinsed for 30 s or 1 min (which was chosen arbitrarily) after B absorption, 
resulting in an overestimation o f B absorption, as criticized by Bowen and Nissen (1976). 
However, it is not a simple matter to determine what is an appropriate time for B 
desorption. Unfortunately, the significance o f the desorption period has not been 
adequately considered in most studies o f B absorption (Hu and Brown, 1997). Thirdly, is 
the behavior o f excised roots o f very young barley seedlings during a very short period the 
same as that for a much longer period? Is the biological “uptake”  process perfectly 
simulated by the physical absorption o f excised roots? Is absorption equal to uptake? 
Though the “excised root”  method is widely used, it does not involve the movement o f B 
to the xylem as would occur in intact-root studies. The intracellular transport o f B is 
completely neglected.
Wildes and Neales (1971) used sliced disks from carrot (Daucus carota) and red 
beet {Beta vulgaris L.) storage roots suspended in 100 pM boric acid solutions for 
absorption or desorption studies. They examined B uptake under many conditions, such 
as concentration gradient, inhibitors (anoxia and DNP) and varied temperature, and 
concluded that there were two components o f B uptake: passive diffusion ofB(OH)3 and 
active transport o f the B(OH)4 ion.
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The work o f Wildes and Neales (1971) was discredited by Hu and Brown (1997) 
using simple calculations and logic, which themselves were not without problem. In their 
criticism, the passive uptake mechanism was unreasonably presupposed to be the only 
mechanism taking part in the B uptake, ignoring the possibility o f active uptake. The 
passive membrane permeability ofB(OH)3, 4 * 10'6 cm s ' l, as proposed by Raven (1980), 
and used by Hu and Brown (1997), is just an estimation and may overestimate passive 
uptake by diffusion. In addition, B(OH)3 can shift to the formation o f some B(OH)4~ at 
higher pHs, a likely event if  an active uptake mechanism (e.g., H+-pump) is involved. The 
pH o f the vacuolar sap is typically about S.S, whereas the cytoplasmic pH is always 7.0 to 
7.5 which would result in 0.6 ~ 1.8% o f total B as B(OH)4" (Table II-2). On the other 
hand, B(OH)3, though o f a molecular form, may be actively transported like certain sugars 
into a cell via sugar/proton symporters. Finally, uptake is a dynamic process, and does not 
necessarily reach an instantaneous diffusion equilibrium, which is governed by the 
proportion o f B(OH)3 and B(OH)4~ and competing reactions such as the formation o f B 
complexes in the cytoplasm and cell wall. Thus, it seems an invalid argument that “the 
cells had to (actively) pump B internally at a rate o f at least 0.2 pmol h*1 g'1 fresh wt to 
obtain a net accumulation o f 0.1 pmol h'1 g‘l fresh wt ” (Hu and Brown, 1997).
Other studies (Bowen, 1968, 1969 and 1972; Nissen, 1974; Shu et al., 1991) 
produced results consistent with an active-uptake mechanism. Nissen (1974) showed that 
active B transport predominates at low B concentrations and probably involves B(OH)3 
rather than B(OH)4 , whereas passive B transport may predominate at higher external 
concentrations. Thellier et al. (1979) used B(OH)3 flux analysis and natural isotopes o f
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10B and UB in duckweed (Lemna minor L.), and found four compartments with B in the 
ceil: i) free space, ii) cytoplasm, iii) vacuole, and iv) the cell wall. Although the B 
accumulated in the cytoplasm (10 mM) and vacuole (4 mM) against a concentration 
gradient, the authors did not interpret it as evidence o f active absorption o f B, for the 
results might be complicated by B(OH)j ester formation with poly-OH compounds in the 
apoplastic (Bowen and Nissen, 1976) and symplastic compartments (Raven, 1980).
Bowen and Nissen (1976,1977) showed that active transport o f B into excised barley 
roots occurred. Active uptake accounted for 10% o f the total B uptake and this portion 
was sensitive to temperature and metabolic inhibitors. They suggested that B uptake was 
metabolically regulated, that it had the characteristics o f a carrier-mediated reaction, and 
that this transport process was compatible with the concept o f multiphasic uptake 
mechanisms. The study also assumed and, thus, recommended that all B reversibly 
accumulated in the free space be removed in order to study the active uptake process. 
However, this work was criticized by Hu and Brown (1997) for using unrealistically high 
B concentrations (SO to 13,300 pM). Additionally, the results were complicated by the 
likelihood o f the non-specificity o f metabolic inhibitors (Raven, 1980). The transitions 
observed by Bowen and Nissen (1977) may be better explained by the saturation o f the B- 
binding capacity o f various cellular compartments (Hu and Brown, 1997).
From recent reviews o f B studies, the prevailing opinion is that B uptake is a 
passive-absorption phenomenon only. Gupta (1993) noted that B absorption by plants can 
be largely explained by the unassisted permeation o f B(OH)3 (passive transport) and 
subsequent formation o f cis-diol complexes, without the need to invoke the active
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transport o f B. Long-distance transport o f B from roots to shoots is confined to the 
xylem, and is related to the rate o f transpiration. Hu and Brown (1997) proposed that B 
absorption can be best explained as a passive diffusion o f free boric acid into the cell wall 
and cell, followed by a rapid formation o f B-complexes within the cytoplasm and the cell 
wall. The decline in free boric acid within the cell by the formation o f B-complexes allows 
further absorption o f B from the external solution and results in tissue B concentration 
that can greatly exceed the free boric acid concentration in the uptake solution.
I f  B uptake is only a passive process, one would predict that B uptake would be 
very closely related to water use and that species grown in similar environments supplied 
with non-limiting water would have similar B uptake rates. Nevertheless, clear evidence 
shows a dramatic difference between species and even within genotypes o f a single 
species. Nable (1988) examined many wheat cultivars grown in solution with 5000 pM B 
and found more than a 6-fold difference in B uptake. These differences were unexpected 
as transpirational-flow differences among cultivars differed by less than 1-fold.4
Several explanations have been postulated to explain the paradox encountered in 
the “passive-uptake mechanism” (Nable, 1988; Nable et al., 1990b). First, the difference 
in B accumulation may be due to genotypic differences in membrane permeability to B, 
and genotypic differences in B uptake are associated with relatively few genes (Nable et
4
In a hydroponic study, Yu and Bell (1998) even showed that differences in B uptake 
cannot be explained by differences in water use by rice plants o f the same genotypes and 
o f similar water use but grown at solutions with different B levels. Working on rice using 
solution B concentrations denoting deficiency, sufficiency and toxicity, Yu and Bell (1998) 
suggested that the active uptake mechanism is involved at low and high B supply, 
probably through protein pumps or carrier-mediated active transport systems.
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al., 1990b). Second, B uptake may be partially under metabolic control, as proposed by 
Bowen and Nissen (1977) and there may be an active B exclusion mechanism as well. 
Third, the species-dependent exudation o f B complexing agents into the rhizosphere 
restricts B uptake from soil by the exclusion o f the B complexes from cells, or increases B 
uptake from the soil by acting as a sink for H3B03, depending on external B supply and B- 
nutrition status. Additionally, root-B adsorption capacity may differ significantly and 
hence may affect B uptake. Finally, physical barriers related to root cell wall structure 
may affect tortuosity and diffusion.
Hu and Brown (1997) concluded that B uptake in higher plants is probably a 
passive process acting in response to external boric acid concentration, membrane 
permeability, internal complex formation and transpiration rates. Species differences in B 
uptake rate cannot be adequately explained on the basis o f current knowledge but may 
result from differences in membrane permeability, B-complex formation inside or outside 
the root or some as yet unidentified mechanism.
Active transport o f B was considered to be partially responsible for B uptake in an 
earlier review made by Raven (1980), though the maintenance o f boric acid away from 
thermodynamic equilibrium by active transport process was thought to be energetically 
expensive. Raven (1980) indicated that the overall B uptake by plants can be interpreted 
in terms of: i) passive permeation o f boric acid; ii) c/s-diol formation probably in the cell 
walls; iii) active transport o f boric acid (or the borate anion); and iv) the use o f total B 
(rather than free boric acid) as a sensor for B regulation. His advocacy o f active uptake 
was weak, however. He considered it energetically expensive and that passive uptake was 
more likely the norm.
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Therefore, it would seem that the passive-uptake mechanism is the main process 
for B uptake, and it can describe most experimental data. However, no convincing data 
were available to definitely exclude the possibility o f the involvement o f the active 
mechanism, which, in turn, could explain more o f the data if  the passive uptake mechanism 
was also included. It is common that more than one uptake mechanism takes part in the 
transport process for certain nutritional elements. For example, potassium is taken up 
passive under normal external concentrations, but is actively accumulated under very low 
extracellular K+ concentrations (Maathuis et al., 1997). The “high” cost o f maintaining a 
non-equilibrium concentration o f an element, does not preclude the possibility o f active 
absorption. Protons, for example, have an estimated membrane permeability o f 10 *  to 
10 '5 m s '* (Dencher et al., 1986), which is 100 to 1000 times more permeable than boric 
acid. However, active IT  transport occurs in all living systems (Briskin and Reynolds- 
Niesman, 1991). Since unrealistically high B concentrations were used in almost all 
previous studies to explore B uptake mechanisms, much more emphasis should be focused 
on B deficiency and sufficiency ranges in future research.
The discovery o f aquaporins (water channel proteins) in plants and other 
organisms provides a molecular basis for the passive permeability o f membranes to water 
(Maurel et al., 1993). Aquaporins have an intrinsic water transport capacity to rectify 
water flow. The aquaporin activity can be regulated by gene expression, cell localization 
and posttranslational modifications (Maurel, 1997). Analogously, the membrane 
permeability to B(OH)3 and/or B(OH)4 could also be modified in response to B stress, 
and thus the ratio o f B uptake to H20  uptake could be altered depending on B supply.
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Bowen (1972) suggested that roots are not entirely passive with respect to B uptake but 
alter B uptake relative to water use.
Not surprisingly, little  information is available on B-uptake in rice which requires 
less boron than most dicots and is grown under flooded conditions.
F. Boron m obility in plants
Boron is unique among the essential plant nutrients in that it has restricted mobility 
in many plant species and is freely mobile in other species rich in polyols in source leaves. 
No other element is known to vary so greatly in mobility across plant species. The 
retranslocation o f B has a profound effect on the expression o f B deficiency and toxicity 
symptoms, and the approaches used to diagnose B deficiencies (Brown and Shelp, 1997).
Generally speaking, B is highly mobile in the xylem, but virtually immobile in the 
phloem. Boron is not readily translocated from older to younger plant tissue (Gupta, 
1993). Boron moves from the roots to the shoot in vascular land plants via the xylem, 
but B movement in the phloem from transpirational termini to other parts o f the shoot is 
restricted. This restricted redistribution o f B is significant in view o f the requirement for B 
in meristematic tissues and for fertilization (Mengel and Kirby, 1978). While there is little 
doubt that B is translocated in xylem to sites o f greatest water loss, there has been 
considerable controversy regarding the role that the phloem plays in providing B to sites 
that do not lose water readily. Although B is commonly thought to be immobile in the 
phloem, Brown and Hu (1996) recently proposed that the occurrence o f significant 
phloem mobility o f B is species dependent. For these species where sorbitol was a major 
sugar, they found that B was mobile while, in sorbitol-poor species, B was essentially
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immobile. Interestingly, by using B-phloem-mobile species such as plum, Brown and Hu 
(1997) could determine the effects o f B depletion on mature tissues without confounding 
effects o f plant growth.
Higher B concentrations in older or mature leaves compared to younger leaves 
likely indicate B immobility while higher B concentrations in younger leaves indicate B 
mobility since these leaves have transpired less water than older leaves. It is observed that 
most o f the leaf B can be easily leached by guttation and bleeding and that only a small 
fraction is not readily removed by water (Kohl and Oertli, 1961; Oertli, 1993).
No information is available on B mobility in rice. Thus, it would be interesting to 
study B mobility and polyol content in rice, for B mobility w ill influence B diagnosis (such 
as symptoms and sampling techniques) and correction (such as and fertilizer application 
methods and timing) especially for polyol transporting species. However, since B toxicity 
is easily induced in rice, the redistribution o f B in the phloem from transpirationai termini 
would be likely limited in rice, and few polyols are probably present.
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ID. NUTRIENT DEFICIENCY SYMPTOMS AND BORON UPTAKE 
MECHANISMS OF RICE (Oryza sativa L )
A. Introduction
A thorough literature search reveals few studies on B deficiency symptoms and the 
critical tissue concentration for B deficiency in rice (Karim and Vlamis, 1962; Yoshida, 
1970; and Jones et al., 1991). Boron-deficiency symptoms in rice are rarely reported and 
no description o f B-deficiency symptoms can be found in a recent review o f B (Gupta, 
1993). A few researchers described B-deficiency symptoms on rice when no B was 
applied (Karim and Vlamis, 1962 and Sharma et al., 1981). However, such extreme 
effects may not occur in field conditions where some B is present. Thus, one purpose o f 
this trial was to induce B-deficiency symptoms at more realistic levels as an aid to the 
diagnosis o f B deficiency in rice. We have also observed many leaf samples from 
Louisiana that were diagnosed as deficient from tissue diagnoses based on the criterion by 
Jones et al. (1991), but B deficiency symptoms appears to be absent (Bell et al., 1996b).
Garg et al. (1979) grew rice in sand culture with nutrient solution containing B at 
0,92.5, 231 and 463 pM concentrations. He concluded that the optimum level o f B for 
pollen viability and rice grain yield was 231 pM. Marsh (1942) showed that the B 
requirements o f cereals were generally less than those o f dicotyledons. Hewitt (1966) 
suggested 46 pM B for most crops, while Lockard (1959) used 9.25 pM B in sand culture 
o f rice. Concentrations above 92.5 pM B (1 mg B kg'1) are rarely used for normal rice 
growth in hydroponics despite the recommendation o f Garg et al. (1979).
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The mechanism o f B uptake is not known. A prevailing opinion is that uptake o f B 
is only a passive absorption phenomenon. Some evidence showed B uptake is a non- 
metabolic process based on the observations o f an equilibrium internal concentration equal 
to that in the external medium, an almost complete desorption o f the absorbed B, and an 
insensitivity o f B uptake to temperature and metabolic inhibitors (e.g., KCN, DNP) (Oertli 
and Grgurevic, 1975). However, Bowen and Nissen (1976, 1977) reported that about 
90% o f the total B recovered from excised barley roots was reversibly accumulated, and 
the uptake o f the remaining 10% was sensitive to temperature and metabolic inhibitors, 
though they could not find any accumulation against a concentration gradient. However, 
unrealistically high B concentrations o f200-5,000 pM were used in those studies, and 
plants were not examined under deficiency.
The objectives o f this experiment were to record the visual symptoms o f B 
deficiency in rice at moderately deficient (not just extremely deficient) levels o f B, to 
determine the critical level o f B deficiency in the flag leaf and in hydroponic solution, and 
to explore B-uptake mechanisms at solution concentrations considered deficient, sufficient 
and toxic.
B. Materials and Methods
Hydroponic culture o f rice cv. "Bengal’ was carried out in a growth chamber with 
eight treatments: 0, 0.05,0.2, 1, 5, 10, 25 and 50 pM B (boric acid) and three 
replications. A germination solution containing no B was used, and 9-d-old rice seedlings 
were transplanted to pots that contained about 3.4 L o f hydroponic solution. The rice 
was grown in the solution for 6 weeks. I  modified Hoagland’s solution to allow silicon
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(Si) and a pH buffer, MES ( 2-[4-morpholino]-ethane sulfonic acid), to be used as shown 
in Table HI-1.
Table QI-1. Composition o f modified Hoagland’s solution for determining response to
boron. Silicon and pH-buffer components changed from those listed by 
Malvick and Percich (1993) to prevent injury from high ionic-strength 
solutions.
Component Source Concentration
N NH4C1, KNOj and NH4N 03 7.5 mM
P k h 2po4 100 pM
K KN03 and KH,P04 2.6 mM
Ca CaCU 2.5 mM
Mg MgS04 l.OmM
S04 MgS04 and MES > I mM
Cl CaCl* NH4C1 and HC1 8 -9  mM
Si NajSiOj 0.75-1.5 mM
pH Buffer MES (C6HuN04S) 1-3 mM
Fe FeNH4(S04)2 10-20 pM
Mn MnCU 2 pM
Zn ZnS04 I pM
Cu CuS04 0.5 pM
Ni NiCl, 0.1 pM
Co coci2 0.1 pM
Mo (NH4)2Mo70 4 0.2 pM
B H3BOj 0-50 pM
Chelator HjHEDTA 10-20 pM
pH = 6.30
Comments: 1) solution composition modified after poor growth at early stages o f growth 
was detected in an early experiment due to high salt condition from high MES and Si. 2) 1 
mM MES, 0.75 mM Si and 10 pM Fe were used at early stages (0-17 days); 3) additional 
200 mL o f water was added at 7th and 14th days to keep roots submerged and maintained 
healthy root systems.
Only half the regular amount o f Si was used at early stages (0-17 d) to avoid a high salt 
problem that Malvick and Percich (1993) likely encountered. MES pH buffer 
concentrations were also varied like Si during growth to prevent its potential toxic effect:
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at ImM during 0-10 d, 2 mM during 11-17 d, and 3 mM thereafter. Although Malvick 
and Percich (1993) had no explanation for poor growth with their solution, I found lower 
ionic-strength solutions ideal if  Si is used. As plants grow, several steps were taken to 
maintain solution constancy. Solutions were changed at days 0, 10,17, 23, 28, 33, 37 and 
40, and the rice harvested on the 42nd day. Solution pH was adjusted every four to five 
days at earlier stages and two to three days at later ones, in order to maintain pH between 
5.0 and 6.3, as pH was observed to decrease with time. About 200 mL o f deionized, 
distilled water was added to the hydroponic solutions between changes (at 7th and 14th 
days) to keep root systems submerged in solution. The 200 mL water addition would 
dilute the solution and thus was considered in later calculations. Ten pM phosphorus (P) 
was added to the solution daily two weeks after transplanting. Humidity varied between 
56% and 62%. Growth chamber temperature was set at 27°C (day) and 21°C (night), 
daytime at 14 hours, and a photosynthetic photon flux density o f 300- 400 pmol m'2 sec'1 
was maintained at the top o f the plant canopy.
Plant height was determined by averaging the heights o f the three tallest plants in 
each pot. Tillers were counted at harvest. Tissue was dried at 70 °C for two d and then 
ground through a 40- mesh sieve. Each sample (0.5 g) was digested with 5.0 mL 70% 
nitric acid (HN03) and 3.0 mL 30% hydrogen peroxide (HiO,). Boron in the digested 
solution was measured by inductively coupled plasma emission spectrometry (ICP). 
Transpirational flow was calculated prior to the time o f each solution change by weighing 
the remaining solution. A t the same time, evaporation was measured by weighing the 
contents o f a pot without plants but containing the same initial amount o f solution as the
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other pots. The evaporative loss was small compared to transpirational flow in this trial, 
and was neglected in calculations. The total B in transpirational flow was estimated 
according to the assumption that: i) B uptake was strictly passive; ii) passive uptake alone 
would not change hydroponic B concentration; and iii)  the evaporation loss was very small 
compared with the transpirational flow and thus the hydroponic B concentration would 
remain unchanged even if  solution volume decreased due to transpiration. Thus, the 
amount o f B in transpirational flow was the product o f the total flow volume and the 
corrected corresponding hydroponic B concentration when considering the dilution 
caused by 200 mL water addition. Data were analyzed with SAS (SAS Institute, 198S). 
Differences among treatment means (Duncan’s method) were determined only if  
significant differences were found using analysis o f variance procedures.
C. Results and Discussion
1. Boron deficiency symptoms
Generally, B deficiency symptoms in rice are discoloration o f new leaves and the 
death o f the tips o f the leaves (Ishizuka, 1971). However, visual B-deficiency symptoms 
o f rice have been observed only in hydroponic (Ishizuka, 1971 and Karim and Vlamis, 
1962) and sand culture (Sharma et al., 1981) growing systems. These studies used 
treatments without B, so that severe B deficiency occurred and rice failed to grow or did 
not produce viable seeds. Variations in B-deficiency symptoms in rice with varied 
solution B concentrations were observed in this study. At zero and 0.0S pM B, B- 
deficiency symptoms were a light color on almost all o f the youngest leaves and stems, 
unthriftiness (thinner stems, shorter and fewer tillers), Ieaf-tip bum, and some light-color
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bands 2-3 nun wide on the leaves. Newly emerged leaves became whitish and twisted on 
the tip only at zero and 0.0S pM B. Quite a few light-color bands were found in the 
middle o f younger leaves in the rice grown at zero, 0.0S pM B and especially for the 0.2 
pM B treatments. Leaves were also speckled at the 0.2 pM B treatment. No obvious B- 
deficiencies appeared on plants grown in 1 pM B solution. The highest B concentration 
produced rice with some B-toxic symptoms, i.e., tip burning o f the older leaves. The 
roots were also stunted and progressed from brown to black in color depending on the 
extent o f B deficiency. However, some unidentified symptoms occurred at the S and 10 
pM B treatments with a brownish coloring and burning o f the tips o f the younger, but not 
on the youngest leaves. I suspected this was due to leaves being too close to the light 
bulbs.
2. Effects o f boron on rice
Boron additions significantly increased both rice height and rice dry matter (Table 
HI-2). The greatest yields occurred at 10 pM B (18.8 g pot'1); the concentration where 
significantly taller plants were produced. Higher B (25 and 50 pM B) was toxic and rice 
dry matter was reduced by 9-20%. Toxic symptoms, such as leaf-tip bum on most older 
leaves under 25 and 50 pM B were observed, but the dry-matter reduction due to B 
toxicity didn’t reach statistical significance, indicating that toxicity was not severe. The 
relationship between dry matter per pot and leaf B content (mg kg*1) can be expressed by 
the following function:
Yield (g) = 12.5 + 0.498 BL- 0.0134 BL2 (Model P<0.079, R ^ .4 2 ).
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table HI-2. Effects o f hydroponic-solution B concentrations on dry matter, height,
tillers, symptoms and B concentrations in varied parts o f rice cv ‘Bengal’.
B
(pM)
Dry Matter Height Tillers 
(g pot*1) (cm) (no. plant’1)
Leaf B Shoot B 
-  mg kg*1 -
RootB Symptoms
0 11.6 c 88.9 c 3.6 a 3.5 d 2.6 d 4.9 be Deficient
0.05 15.6 ab 90.4 be 4.0 a 2.0 d 1.7 d 4.0 be Deficient
0.20 17.0 ab 95.2 abc 4.3 a 4.2 d 2.5 d 3.7 be Deficient
l.OOf 13.7 be 94.4 abc 3.6 a 11.7c 6.2 c 3.3 c None
5.00 17.2 ab 97.3 abc 4.1 a 14.5 be 8.2 b 3.7 be None
10.0 18.8 ab 98.1 ab 4.5 a 16.3 b 8.7 b 3.1 c None
25.0 15.1 abc 99.6 a 3.4 a 16.4 b 9.4 b 6.4 ab Toxic
50.0 17.1 ab 98.2 ab 3.6 a 24.2 a 13.5 a 7.9 a Toxic
f  Dry-mater was unexpectedly low at 1.0 pM due to mechanical injury on one o f the 
three replications. Means were analyzed using Duncans and the values within columns 
with the same letter are not significandy different (P > 0.05).
Boron had a stem-elongation effect evidenced by plant height even when rice was 
grown in slightly B-toxic solutions (25 and 50 pM B). Rice with sufficient B supply (10 
pM) had the most tillers per plant on average, but no significant difference was found 
among treatments. Boron additions had a somewhat different influence on B 
concentrations in shoots than in roots. B contents in the shoot were significandy different 
among deficient, sufficient and toxic levels (Table m -2). However, the concentrations in 
roots were similar unless at a level considered toxic. This might be an indication o f active 
B excretion or B blockage at high levels o f B.
3. Leaf-B concentrations denoting deficiency
Critical values o f B deficiency in rice tissues are in dispute (Table ID-3). Critical 
values for straw range from 3 to 38 mg B kg*1. Also, tissue B has been low in Louisiana 
(Bell et al., 1996a), but no known case o f B deficiency has occurred (Bell et al., 1996b).
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Critical values were determined at 5% and 10% yield (dry matter) loss o f the theoretical 
maximum yield in this study (Table HI-4). The critical values o f B deficiency which might 
result in 10% yield loss were 7.3 mg B kg'1 in the flag leaf, 3.S mg B kg'1 in the whole 
shoot and 0.2 pM B in the hydroponic solution.
Table m-3. Reported critical values o f B deficiency in rice tissue.
Low Normal High Toxic Tissue Stage Reference
—  mg B kg '1 —
<26 26-30 80 Straw Ponnamperuma and Yuan, 
1966
<3-4 100 Straw Maturity Tanaka and Yoshida, 1970
<38 38-51 51-60 Lockard et al., 1972
<13 13-67 Sharmaetal., 1981
<4-5 6-7 >7 New Leaf PI f Jones etal., 1991
<5 5-15 >15 New Leaf MT { M ills and Jones 1996
<6 6-10 >10 New Leaf PI Mills and Jones 1996
<7 7-27 >27 >30 Y Leaf 6 wk This study
t  Panicle Initiation 
% Maximum Tillering.
Table QI-4. Calculated critical values o f boron deficiency, sufficiency, and toxicity in
____________ rice;_________________________________________________________
Deficiency Sufficiency Toxicity 
Sources Yield Loss Max. Yield Yield Loss
______________________ 10% 5%_____________ 5% 10%___________
Leaf B (mg kg '1) 7.3 10.3 18.5 26.7 29.8
Shoot B (mg kg '1) 3.6 5.0 8.9 12.8 14.3
Solution B (pM) 0.2 0.5 8.7 135? 380?
? —Out o f the range o f this experiment. Calculation in Table HI-4 were based on 
equations: ( I)  Yield (g) = 12.5 + 0.498 BL- 0.0134 B J (Model P<0.089, RN l.42); (2)
Bs (mg B kg*1) = 0.09 + 0.477Bl (Model P0.0001, R M .880) and (3) B „ (pM ) =
0.0182 exp(0.3338BL)) - 0.05 (Model P<0.0001, R2=0.882) where BL(mg B kg'1) is leaf 
B, Bs is shoot B and BH is hydroponic B.____________________________________
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Based on the data from 42-d-old rice, such values were usually dependent on the growing 
period and thus applicable only to tillering stage as early diagnosis indexes. The critical 
values o f B-toxicity were also calculated and they were 26.7 mg B kg*1 in the leaf, 12.8 
mg B kg*1 in the shoot, and 135 pM B in the hydroponic solution ( 5% yield loss). The 
solution critical value 135 pM B is extrapolated on a fitted parabola curve beyond my 
treatment range, which was only 50 pM B. In fact, toxic symptoms were observed and 
rice yield was decreased at 25 and 50 pM B. Thus, the actual toxic critical value might be 
lower than 135 pM B, i.e. between 50 and 135 pM B. These results (optimum at 10 pM 
B and toxic at * 135 pM B) contradict Garg et al. (1979) optimum solution B 
concentration for rice, 231 pM B or 2.5 mg B kg'1. However, different rice cultivars and 
culture methods (sand versus hydroponics) were used by Garg et al. (1979) and in my 
experiments. These differences may have had some influence on response to B.
Grain yield responses to B were found when rice was grown in sand culture in 
India (Garg et al., 1979; Sharma et al., 1981) and in field conditions in an Oxisol in China 
(L i and Zhu, 1991), but there has been no reported B deficiency in rice in the United 
States. We failed to show significant rice response to B when leaf B was below a critical 
value o f 7.3 mg B kg*1 in field experiments (Bell et al., 1996b). Thus there are 
contradictions in the field, which may be due to several factors. Perhaps, rice grows out 
o f a deficiency or requires less B as it ages ( rice was only at tillering stage in this 
experiment). However, some evidence suggests the opposite with more B needed at later 
stages (Nayar et al., 1984; Gupta, 1993). My critical value is 7.3 ± 2.0 mg B kg*1, but I 
still find field-grown rice w ith B levels below this range. Field conditions are different or
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more complicated than under growth chamber conditions where B supply may be the only 
yield-limiting factor. In the field where other nutrients may be insufficient or stresses 
uncontrolled, B deficiency may not be the most limiting factor controlling yields. On the 
other hand, the critical values o f deficiency may simply tend to be higher for hydroponic 
studies. For example, 1.5% K in rice leaves is usually used as the critical value for K 
deficiency, but <3.5% K was reported for rice grown in a nutrient solution (Fageria, 
1976).
4. Active vs. passive uptake of boron
There was a significant quadratic relationship between the total mass o f B in 
shoots and roots versus the B mass lost from solution to transpirational flow. The 
following two regression equations were obtained:
1) Unear model: Bp= 0.0796 + 0.0677BF (R2 = 0.698);
2) quadratic model: Bp = 0.0664 + 0.143BF - 0.0267BF2 (R2 = 0.763) 
where BP is the total milUgrams o f B in plants per pot or the sum o f B mass in leaves, 
shoots and roots; and BF is the total milligrams o f B transported by transpirational flow. 
The total B in flow is estimated under the assumption that the hydroponic B 
concentration remained unchanged, even though the solution volume decreased due to 
transpiration (with negUgible loss to evaporation as I discovered) -  reasonable if  only 
passive uptake o f B occurred. The quadratic model (R2 = 0.763) seems better than the 
Unear one (R2 = 0.698).
A review o f B research notes that B absorption by plants can be largely explained 
by the unassisted permeation o f B(OH)3 (passive transport) and subsequent formation o f
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cis-diol complexes, without active transport o f B (Gupta, 1993). However, the negative 
quadratic term and the small coefficient (-0.0267) in the above equation indicate that at 
high hydroponic B supply, there may be passive uptake and active excretion o f B or an 
active exclusion mechanism. The intercept term represents the sum o f leaf and shoot B 
contents when hydroponic solution B equals zero, and suggests B from seeds, reagent 
contamination, and deviations in analysis. The Bengal seeds used in this trial contained 
2.9 mg B kg'1 or 0.074 pg B in a single seed. Boron from seeds is not large enough to 
explain the 66.4 pg (0.0664 mg) intercept term. Thus, the intercept term must be related 
to reagent contamination.
As shown in Table III-S, the amount o f B in the whole plant was compared with 
the amount o f B removed from solution and then taken into the plant via transpirational 
flow. When B was <1 pM, the ratio o f B in transpirational flow to B in plant tissue was 
<1, indicating that passive transpirational flow could supply only part o f the B taken up by 
the plant. This also occurred in solutions producing B-deficient plants (s I pM). 
However, in other solutions with B ^5 pM, transpirational flow contained more B than 
was taken up by the plants. Tenfold differences (ratio>10 and ratio'1 >10) were found 
between the actual plant B and the B in the flow at the SO pM (slightly toxic) and 0.0S 
pM (deficient) treatments.
Thus, it appears that B absorption was against a concentration gradient at low B 
supply, and excretion or blockage o f B may have occurred at high B supply to prevent B- 
toxicity. The ratio between B in the plant versus B in the transpirational flow was about I 
in hydroponic solutions containing B between 1 and S pM. Using the ratio as a response
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Table ID-5. Relationship between the amount o f B in transpirational flow (assuming no
active uptake) and amount o f B in rice plants.
Treatment
(pM B )
Flow B 
(mg pot'1)
Plant-B 
(mg pot'1)
Ratio
(Bp/Bp)
Predicted Ratiof 
(Bp/Bp)
1/Ratio)
(Bp/Bp)
0.00 0.000 0.033 0.00 0.00 N/A
0.05 0.003 0.035 0.09 0.02 11.10
0.20 0.012 0.056 0.21 0.08 4.76
1.00 0.047 0.113 0.42 0.39 2.38
5.00 0.270 0.160 1.69 1.87 0.59
10.0 0.605 0.175 3.46 3.57 0.29
25.0 1.250 0.160 7.81 7.68 0.13
50.0 2.910 0.261 11.20 11.20 0.09
f  Predicted ratio was estimated by the following equation: Ratio = 0.390 Bt -0.00331 Bt2 
(R2 = 1.000), where Bt was hydroponic B concentration (pM ) in treatments. BF -  boron 
in flow; BP-  boron in plant.
variable and the solution B concentration (pM B) as an independent variable, an equation 
was obtained to predict the solution B concentration where passive uptake is indicated: 
Ratio = 0.390 B -0.00331 B2 (P <0.0001, R2 = 0.9996), where B represented B 
concentration (pM) in solution. This equation predicts a ratio o f 1 when solution B equals 
2.6 pM. When B is < 2.6 pM, the ratio would be < 1 and B supply would be not 
sufficient and B-uptake would be against a concentration gradient.
When B is > 2.6 pM, the ratio w ill be greater than 1, for instance, 11.2 at 50 pM. 
Other estimated ratios are shown in Table m-5. Therefore, active uptake mechanisms 
would be likely when external solution B was at deficient and toxic levels.
According to Asher and Edwards (1983), this study, like all hydroponic studies 
without continuous recharging o f solution, was flawed because the B concentration in 
solution changed during the experiment as B was removed by plants. However, if
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transpirational flow provided all B, the solution B would change by less than 1% during 
the experiment due to small evaporation losses -  a negligible loss. I actually found 
solution B increased at normal and higher B supply. Thus, had I used the actual solution 
B concentration, even larger divergences (ratio or ratio*1) would be yielded at both short 
and adequate B-supply than the above estimated ones that were based upon the 
assumption o f constant B concentrations. Boron concentration in solution should not 
have changed if  passive uptake was the dominate component o f absorption. Since B 
concentration did change, it is possible that active excretion o f B occurred (or active 
uptake for the B-deficient plants).
D. Conclusions
Boron additions significantly increased dry matter and plant height o f rice grown at 
solution B <0.2 pM based on a regression model. B-deficiency symptoms included light 
color on new leaves and stems. Pale bands o f 2-3 mm width occurred on the moderately 
B-deficient plants at 0.0S and 0.2 pM B. Whitish and twisted leaf tips appeared only on 
extremely B-deficient treatments (0.05 pM or less). Based upon the regression model, 
rice required leaf levels o f at least 7.3 mg B kg*1 for optimum growth at the tillering stage. 
Boron uptake appeared to be passive under normal B supply and active at low B supply. 
A t high B supply, passive uptake and active excretion o f B occurred orB  uptake was 
blocked (still an active process).
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IV. BORON DEFICIENCY FOUND IN ‘BENGAL’ RICE (Oryza sativa L )
GROWN ON LOUISIANA PRAIRIE SOIL THE GREENHOUSE
A. Introduction
Rice-yield increases due to B application have been reported mostly in Asia. L i 
and Zhu (1991) reported that, on the basis o f soil liming, B significantly increased grain 
yields o f rice grown in an acid soil (locally described as red earth) in south China.
Increases were also found in plant height, 1000-grain-wt, effective tillers and root 
biomass, and a reduction in barren spikelets on two rice varieties. Ripening was 5 to 6 
days earlier for rice from the +B treatment compared to the no-B control. In 104 o f 165 
field trials over five years in south China, B applications significantly increased grain yields 
o f rice grown in soils which contained less than 0.5 mg B kg'1 and averaged 0.27 mg kg'1 
hot-water soluble B (Lin, 1985). In 34 paddy fields in southeast China, with soil B < 0.25 
mg kg'1, B addition increased rice yields an average o f 7% (Zhang and Wang, 1988).
Also in field trials, using borax as basal fertilizer for rice in northeast China, Li and Liang 
(1997) reported an average rice yield increase o f 560 kg ha'1 on 4 out o f 5 soils with B 
content ranging from 0.1 to 0.65 mg B kg'1. Other reports also found increases in yields 
with foliar applications o f B (Zhu, 1987; Chen, 1988). Boron application (1.12-2.24 kg 
ha*1) to a clay loam in India as borax significantly increased rice yield (Mehrota and 
Saxena, 1967). Garg et al. (1979) and Sharma et al. (1981) also reported significant yield 
responses in rice when sand cultures were amended with B. As cited by Gupta (1993), B 
deficiency in rice was also reported in Brazil (Lopes et al., 1986). Shorrocks (1997) 
presented a more complete list o f the crops/countries with B-deficiency occurrence based
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on reported positive responses to B application in the field over the last SO years. The 
countries, where B deficiency occurs on rice, are China, India and Japan from Asia, Brazil, 
Colombia and Ecuador from South America, and USSR from Europe. However, more 
often than not, B-deficiency symptoms and critical values were not clearly described in 
these reports.
Boron deficiency has not been found in any rice in the United States. However, 
surveys o f ours indicated that some rice from southwestern Louisiana were low in B 
according to the present criterion (<6 mg kg'1 tissue B at maximum tillering) (Jones et al., 
1991; Mills and Jones, 1996) and my own results from a growth chamber study (< 7 mg B 
kg'1) (Yu and Bell, 1998). Our field studies failed to find a yield response o f rice to B 
application (foliar spray) at Allen Parish and Cameron Parish, Louisiana for two years 
(Bell et al., 1996a, 1996b). Field studies are prone to excessive variability and many yield- 
limiting factors that make B-deficiency studies problematical.
Soil pH and liming may interact with soil type to affect B availability. Liming has 
three beneficial effects: i) alleviation o f Al and Mn toxicities; ii) addition ofCa that is low 
in acidic soils due to heavy leaching; and iii) better growth for most crops including rice. 
On the other hand, soil pH strongly influences the solubility o f certain elements and the 
rate at which they are absorbed by plants. Boron availability to plants is lower under 
higher pH than at more acidic conditions due to smaller soil B diffusion coefficients and 
greater B adsorption at high pH (Barber, 1984). This appears to be the case for rice soils, 
too (L i and Zhu, 1991). My objective was to determine: i) if  B deficiency is induced when 
rice is grown under a range o f soil pH values for a rice-region soil; ii) the critical values 
for tissue B; and iii) the B-deficiency symptoms o f rice.
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B. Materials and Methods
1. Greenhouse study
"Bengal9 rice was grown in a greenhouse in a low-B, acid Caddo silt loam, which 
was collected from the A-horizon from a rice field in Allen Parish, southwestern 
Louisiana. The chemical properties o f the soil are given in Table IV -1.
Table IV -1. Selected properties o f Caddo silt loam from Allen Parish, Louisiana
p Na K
mg kg *•
Ca Mg 0 1 2
~PH “
3 (t A*1 lime) O.M.
37 36 19 204 37 4.8 5.9 6.6 7.3 1.0
Cu Fe Mn Ni Zn 
—  mg kg*1 -
Al B CEC (bases) 
cmol kg*1
0.65 130 34.0 0.31 1.63 34.5 0.18 2.5
Bray P2-extractable P (Brupbacher et al., 1968); Ammonium-acetate extractable K, Na, 
Ca and Mg; 1:1 soil water pH; DTPA extractable Cu, Fe, Mn, N i and Zn, 0.1 M 
BaCyNH4Cl extractable A l and Hot-H20  extractable B; Measurement o f pH at initiation 
o f experiment.
A split-plot experimental design with five replications was employed for some 
practical considerations such as irrigation and fertilization. Main plots were B additions at 
0 and 1 kg ha*1 B, and split-plots were three liming rates, which were i) none, ii) 224 mg 
kg*1 CaO + 40.3 mg kg*1 MgO, and iii) 673 mg kg*1 CaO + 121 mg kg*1 MgO. Boron 
(boric acid) treatments were sprinkled on plants with other micronutrients (Cu and Zn as 
CuS04 and ZnS04) weekly or biweekly from tillering stage to booting stage. The lime, a 
mixture o f 4 CaO :1 MgO, was added in a slurry (water and CaO + MgO) via a spray, and 
was mixed with the soil. After liming, the soil was maintained moist and incubated for 3
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weeks before growing rice (Bell, 1996). Five rice seedlings were planted in each pot with 
the equivalent o f 3 kg o f dry soil (see Table IV -1) and grown to maturity from February 
25 to July 10,1998. The same amount o f Cu, Zn, N, P, and K was applied to all pots to 
prevent deficiencies. In addition, three controls were used: i) sand-blasting sand (supplied 
with complete nutrient solution as shown in the Table m-1, except B, and no lime 
addition); ii) greenhouse autoclaved potting mix (supplied with N, P, K, Cu and Zn, and 
without B and lime); and iii) greenhouse autoclaved potting mix (supplied with Peters - a 
complete commercial fertilizer containing B and without lime [Spectrum Group, St.
Louis, MO]). The plants in a pot were thinned to five pot'1 when they were 6 cm high. 
Deionized distilled water was used to minimize B contamination and soils were flooded to 
maintain a 2-5 cm water layer on the soil surface. Insecticide (Whitefly & Mealybug K iller 
“fertiMome” ) was used as necessary. The cooling systems, ventilation fans and special 
light-covers were used during plant growth to prevent excessive temperatures in the 
greenhouse in the summer season. The temperature ranged from 26.5 to 38.0 °C, and the 
humidity from 60 to 80%. Four-1000 metal halide lamps with auto-control systems were 
used in the earlier season for additional lighting.
2. Pollen vitality
A panicle was randomly selected from each o f the six B and lime combinations. 
Pollen from anthers in three flowers (spikelets) at upper, middle and lower parts o f one o f 
the six panicles were used in pollen-counting and for micro-photographs. Pollen grains 
were dyed with sucrose-FDA (fluorescein diacetate dissolved in acetone) and counted
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under a fluorescence microscope (Garg et al., 1979). Dead or abnormal pollen grains 
were distinguished from normal ones by their dark color and irregular shape.
3. Leaf B and other measurements
Plant tissue (youngest but fully developed leaves) was sampled at tillering and 
booting stages (flag leaf), dried in an oven at 60 °C and ground to pass through a 40 mesh 
sieve. Each sample o f 0.S g was digested with 5 mL 70% nitric acid and 3 mL 30% 
hydrogen peroxide. Boron content in the digested solution was measured by ICP 
(inductively-coupled plasma). National Institute o f Standard and Technology (NIST) 
standards (peach and apple) were used to check the accuracy o f B analyses. Nitrogen 
content was measured by the Dumas dry-combustion method using a nitrogen analyzer 
(FP-428) o f the LECO Corporation (St. Joseph, M I). Tillers per pot were counted at the 
tillering stage; visual B-deficiency symptoms were recorded by observations or taking 
pictures during the growth period; and rice height and seed yield were measured at 
harvest. SAS programs (Proc Mixed and Proc Reg) were used in statistical analyses (SAS 
Institute Inc., 1985).
C. Results and Discussion
1. Boron increases grain yield of rice grown on Caddo silt loam
No B deficiency in rice grown on a field soil has ever been reported in Louisiana or
the United States. However, based upon my knowledge, responses to B would tend to 
occur on a soil similar to that used in this study: acid (pH 4.8), low in CEC (2.S cmol 
bases kg'1) and low in B (0.2 mg kg'1 hot-H20  B) (Table IV-1).
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Boron applications significantly increased B-concentrations from 7.1 to 11.3 mg B 
kg *l at tillering for rice grown in the Caddo silt loam from Allen Parish, Louisiana. Also, 
a paired-t test indicated that B significantly increased pollen vitality (P=0.014S), w ith an 
average pollen death rate o f 17% for the no-B treatments, which was about double the 
amount from +B treatments (8%). As a result o f these effects, rice grain yields 
significantly increased 11% from 26.3 g pot'1 for the no-B treatments to 29.3 g pot'1 for 
the +B treatments (P-value = 0.024) (Table IV-2).
Table IV-2. Grain yield, leaf B, and leaf Ca/B ratios from treatments o f boron and lime
additions on cv 'Bengal* under greenhouse conditions.
Treatments
Yield 
(g Pot*1)
Leaf B (me ke'1) Ca/B
Tillering Booting Tillering Booting
Boron * Lime Sig. (0.212) t (0.976) (0.610) (0.820) (0.686)
BoL01 25.0 7.0 6.6 378 774
BoLt 24.3 7.7 6.2 368 868
B0L3 29.6 6.5 7.0 469 768
BtLo 28.5 11.6 12.0 289 456
B,Lt 30.2 11.6 13.7 314 360
B1L3 29.1 10.5 15.4 322 346
Lime Sig. (0.128) (0.822) (0.450) (0.673) (0.828)
No lime 26.8 9.3 9.3 333 615
1 t/A 27.3 9.7 10.0 341 614
3 t/A 29.4 8.5 11.2 396 557
Boron Sig. (0.024) (0.016) (0.025) (0.148) (0.0005)
No boron 26.3 7.1 6.6 405 803
1 kgB/h 29.3 11.3 13.7 308 388
Controls
Sand 1.1 5.9 5.9 409 980
Greenhouse soil § 39.2 9.6 10.5 272 480
Greenhouse soil + B 39.2 11.2 26.0 230 123
t  Data in parentheses are P-values from corresponding analyses for models using each o f 
the varied dependent variables in a split plot design with B in the main plot and lime in the 
split plot.
{  B0 = No boron; B, = + boron; L„ = No lime; Lt = I t/A  lime; L j = 3 t/A  lime (see 
Materials and Methods for exact amount o f CaO and MgO additions).
§ This soil was for general use by greenhouse users and it had been autoclaved.
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Tiller numbers and plant height were not affected by the B addition or the soil 
liming in this study. In an earlier growth chamber studies, I found B additions increased 
rice height in contrast to a no-B treatment, but excessive B supply (100 pM) reduced rice 
tillering (see also Chapter H ). Boron additions did not increase yields o f rice grown in 
the greenhouse potting-media soil (Table IV-2) probably because this soil was composed 
o f a variety o f amendments and likely had adequate soil-B reserves.
As shown in Table IV-3, when rice was grown in the greenhouse soil without B, 
leaf B at tillering and booting were 9.6 and 10.S mg B kg ' l respectively, which are in the 
B-sufficiency range (Jones et al., 1991; Yu and Bell, 1998). Thus, B addition increased 
leaf-B concentrations but not rice yields from the greenhouse soil (Table IV-2 and IV-3).
Table IV-3. Leaf B concentrations in cv “Bengal’ rice with different growth stages and
___________ plant portions under greenhouse conditions._______________________
B in new leaves (mg kg ') Leaf B at booting (mg kg'1)
Treatments Tillering Booting Young Middle Old
Sand culture 5.9 ± 0.6 f 5.9 ± 0.4 5.9 ±0.4 5.8 ±0.5 5.7 ± 0.8
Greenhouse soil 9.6 ± 0.9 10.5 ±0.5 10.5 ±0.5 5.9 ±0.8 4.3 ± 0.3
Greenhouse soil + B 11.2 ±0.3 26.0 ± 1.6
Caddo silt loam 7.1 ±0.6 6.6 ±0.5
Caddo silt loam + B 11.3 ± 1.2 13.7 ± 1.5
t  A ll values are expressed as mean ± SE
Rice grown on the greenhouse soil had higher yields than rice grown on the +B 
Louisiana soil. Other lim iting factors besides B, therefore, decreased yields o f rice grown 
on the +B Louisiana soil. A ll rice, however, looked excellent and no visual symptoms or 
injury from any treatment was evident except the no-B sand treatment. Different soils 
produce crops with different yields even under controlled and optimum fertilization 
conditions. Autoclaving a soil, as was done with the greenhouse soil, may have increased 
yields.
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Insufficient boron reduces plant growth, especially seed formation. This effect is 
likely due to B influences on pollen vitality or flower formation. Garg et al. (1979) 
indicated that the supply o f B improved the pollen vitality o f rice flowers under sand 
culture. Also in sand culture, Sharma et al. (1981) reported that B deficiency in rice led to 
abnormal flowering and the suppression o f flower formation. My work may be the first to 
report B influences on pollen viability o f rice grown under soil conditions. Boron plays an 
important role in the fertilizing process o f plants, so the need for B is particularly high 
during blooming. The B content o f the reproductive organs (anthers, style, stigma, ovary) 
is particularly high. Pectin-borate complexes are reported to encourage the premature 
rupture o f pollen tubes and thus to promote their growth and the whole process o f 
pollination (Aduayi, 1978; Bergmann, 1992). Boron is also believed to be involved in the 
movement o f protein into pollen tube membranes of petunia (Petunia hybrida L.)
(Jackson, 1991). Although proper pollen germination and stigma receptivity are 
considered to be the processes most affected by B deficiency, the mechanisms by which B 
plays such a fundamental role in the life cycle o f plants are still unclear. Researchers 
suspect that B plays a structural role in cell walls (Augsten and Eichhcom, 1976; Loomis 
and Durst, 1991; Brown and Hu, 1997), and membranes (Parr and Loughman, 1983; 
Blaser-Grill et al., 1989; Ferrol et al., 1993). Boron has also been proposed to be essential 
in the formulation or the maintenance o f the RNA nucleic acid uracil or its precursor 
(Dutta, 1988; Gupta, 1993), and that B is required for continued DNA synthesis and cell 
division in root meristem (Krueger, et al., 1987).
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2. Boron deficiency symptoms
No visual B deficiency symptoms have been reported for field-grown rice, and no 
visual B deficiency symptoms were detected for rice grown on the Caddo silt loam o f this 
study either despite the significant yield loss.
In contrasts to pronounced symptoms or so called ‘diseases’ o f B-deficient non­
grain crops, such as ‘Heart Rot’ o f sugar beet, ‘Canker’ o f table beet, ‘Brown Heart’ o f 
turnips, and ‘Hollow Stem’ o f cauliflower (Wallace, 1961), B-deficiency symptoms are 
usually absent on rice which has a very low requirement for B. Even the severely B- 
deficient sand-culture rice in this study generally looked good.
Reports o f symptoms o f B-deficient rice grown in either sand culture or 
hydroponics are also quite limited. Earlier studies indicated that B deficiency symptoms 
were discoloration o f new leaves and the death o f leaf tips (Karim and Vlamis, 1962; 
Ishizuka, 1971). Yu and Bell (1998) provided a more detailed description o f B deficiency 
symptoms in rice grown in hydroponic solutions. The early indication o f boron deficiency 
in rice from this study was white banding (about 1 cm wide) across the width o f young 
leaves from the sand treatment. The banding symptoms are dissimilar to those in cotton, 
where B deficiency causes dark concentric bands along the length o f petioles from 
younger leaves (Bennett, 1993). Boron deficiencies may take time before they occur and 
this delay could have prevented abnormal tillering that I have sometimes observed. The 
whitish and curled new leaf tips occurred about the time o f tillering (Figure IV-1), but was 
observed only in three o f the five pots. Such symptoms indicate severe B deficiency (Yu 
and Bell, 1998). By booting, the banding and leaf-tip symptoms were widespread and
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happened on all pots. Deficiency symptoms, therefore, were most obvious at tillering and 
booting stages. Apparently, rice needed more B at tillering and booting stages, coincident 
with the two growth peaks o f rice.
The flowering stage was delayed for at least one month in the no-B sand 
treatments as compared to the other rice. During this delay the plants were generally 
healthy looking with green leaves (Figure IV-2). Later, most flowers had few and very 
small panicles, though the total biomass (shoot weight) was normal when compared to 
that of+B  treatments.
Generally, cereals are relatively insensitive to B deficiency. Under deficiency 
conditions the plants appear to be fairly normal, but the stems are shortened and the 
younger leaves are a rather yellowish-green (Bergmann, 1992). Ears and panicles, if  they 
appear at all, are stunted and short, and the stems bearing them have no flag leaf. In the 
ears that emerge, anthesis is inhibited or the anthers are sterile. Most o f the grains, if  any 
are formed at all, are blind (shriveled grain). The ears remain green for longer than usual, 
and their glumes are splayed. Since no visible disorders were observed in soil-grown rice 
that was low in B, soil and tissue analyses are the best methods to diagnose B nutrition in 
rice under field conditions.
3. Effects of liming and B application on nutrient status and Ca-B interactions
Liming soil w ill increase soil pH and affect the solubility o f certain elements and 
the rate at which they are absorbed by plants. It increases B fixation due to increased soil 
pH, which may be the most important factor affecting B availability to plants, primarily 
because pH controls the ratio o f boric acid to borate anion in solution. Increasing soil pH
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Figure IV -1. B-deficiency symptoms were whitish and twisted 
new leaf tips and they occurred during and after tillering for rice 
in sand culture. Not shown here, an early indication o f boron 
deficiency in rice is white banding (about 1 cm wide) across 
the width on young leaves.
Figure IV-2. B-deficiency symptoms were 
retarded panicle development and delayed 
heading. The rice was grown with B (on 
the left) or without B (on the right) in 
sand culture. The -B  rice looked dark 
green and the flowering was delayed or 
stopped. Ears and panicles, if  they 
appeared later, were stunted and few. 
Most o f the grains, that did form later, 
were barren. Thus, the grain yield from 
the no-B sand treatments was only 
equivalent to 4% o f the yield from the +B 
Caddo silt loam.
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also decreases the soil-B diffusion coefficient and increases B adsorption (Scott et al., 
1975; Keren and Bingham, 1985; Goldberg and Foster, 1991).
Therefore, liming o f acid soils may induce boron deficiency, and perhaps, can 
trigger temporary B deficiency because o f increased B adsorption (Reisenauer et al., 
1973). However, interestingly and unexpectedly, liming somewhat increased (P = 0.128) 
grain yield o f rice rather than the expected B deficiency and loss o f yield (Table IV-3). 
Interaction between B and liming on rice yield was also insignificant (P=0.212).
Based on the analyses o f leaves at tillering and flowering, Fe and Mn contents in 
rice leaves were significantly reduced by soil liming (based on data in Appendix C). Leaf 
S was lowered only at flowering. On the other hand, leaf Mg significantly increased with 
liming rates as expected since the lime was a mixture o f CaO and MgO. However, liming 
did not increase leaf-Ca content and did not reduce leaf-B content. The decreased uptake 
o f Fe, Mn and S and increased Mg uptake from liming may have been beneficial to rice.
The results indicate that the 6700 kg ha'1 (or 3 t A '1) o f lime was a suitable 
application rate. Boron availability to plants decreases sharply at higher pH levels, but the 
relationship between soil pH and plant B at soil pH below 6.5 does not show a definite 
trend (Peterson and Newman, 1976; Gupta and MacLeod, 1977). The reduced condition 
o f the soil at lower pH could explain the lack o f effects o f liming on either leaf B or leaf 
Ca. Though liming at the highest rate was expected to make an aerobic pH 7.3, under 
flooded conditions a pH closer to 7 is more likely, especially at later growth periods. As 
oxidized soils are flooded and become anaerobic or reducing, the pH converges toward 7 
(neutrality), regardless o f whether the soil was acid or alkaline initially (Patrick and
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Mikkelsen, 1971). Soils initially more acid w ill have a lower pH near pH 7 than a soil 
initially alkaline. The differences among treatment pHs, therefore, would narrow under 
reduced compared to aerobic conditions.
Boron application significantly increased B uptake in rice at both stages (Table IV-
3). In addition, it affected the uptake o f other nutrients. At tillering, the concentrations o f 
Ca and Mo in new leaves significantly increased, while Cu, Fe, K and S decreased with B 
addition (see Appendix C). At the flowering stage, however, B addition showed no or 
very different effects on the nutrients mentioned above. At flowering, leaf K  increased 
and Ca decreased with B addition. The interactions between B and K, or B and Ca have 
been reported (Reeve and Shive, 1944; H ill and M orrill, 1975; Woodruff et al.,1987; 
Daliparthy et al., 1994). There existed a close positive relationship between leaf B and 
leaf Ca (P=0.032) at tillering stage, but a negative relationship (P=0.160) at the flowering 
stage. This is consistent with the effects o f B application on Ca uptake, enhancing Ca 
uptake earlier but seemingly inhibiting later. Thus, larger differences o f the Ca/B ratio 
between B-deficient and B-sufficient rice was found at the flowering stage than at the 
tillering stage.
4. Boron critical values in rice and soil
Studies have been inclusive on the minimum amount o f hot-water-soluble B (hws- 
B) required by rice and other more sensitive crops for adequate growth. For 
dicotyledonous crops with a high requirement fo r B, the critical value o f B deficiency o f 
soils was found to be 0.5 mg kg'1 water-soluble B, while others found 0.3 mg B kg'1 
(Mahler and McDole, 1981; Mahler et al., 1985; Beijing Office o f PPIC, 1992).
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However, rice and other cereals need less boron, and 0.1 mg kg *l water-soluble B was 
considered suitable for them (Bingham 1973; Liu et al. 1982). On the other hand, in trials 
producing F -l seeds for hybrid rice, Wang (1991) demonstrated significant yield responses 
to B additions to soils with water soluble B around 0.5 mg B kg *\ and indicated a higher 
requirement for B and possibly a higher critical value also for non-hybrid rice production. 
Given that 0.S mg kg *l o f soluble B in soils is a suitable critical value for most non-cereal 
crops with a larger B requirement, the critical value for rice, especially for non-hybrid rice, 
would seem to be less.
The soil used in this study contained only 0.2 mg B kg ’l and was B-deficient for 
rice ‘Bengal’ . In other studies reporting B deficiencies on rice, water soluble B in soils 
were <0.5 and averaged 0.27 mg kg*1 (Lin, 1985), < 0.25 mg kg*1 (Zhang and Wang, 
1988), and ranging from 0.1 to 0.65 mg kg'1 (L i and Liang, 1997). On the other hand, I 
did not find a yield response o f rice to B application (foliar spray) in two-year field trials, 
where soil B ranged from 0.3 to 0.5 mg kg'1 (Bell et al., 1996a, 1996b).
Integrated with the discussion above and other existing data, the critical value o f B 
deficiency o f soil may be near the 0.2 mg B kg'1 hot-water-soluble B found for the silt 
loam soil, instead o f the frequently cited value, 0.5 mg B kg*1 hot-water-soluble B, which 
may be suitable for most other crops, especially for the higher B-requirement 
dicotyledons.
From this study, leaf-B concentration in tillering stage was 7.1 ± I . l mg kg'1 for 
no-B rice grown on the Caddo silt loam and 11.3 ± 2.3 mg kg*1 for rice from the +B 
treatment (Table IV-2). Leaf-B from sand culture without B averaged 5.9 ±  1.1 mg kg*1
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(Table IV-2). Thus, the critical range o f B deficiency in rice is likely 5-7 mg B kg*1, lower 
than or similar to that reported previously (Table IV-4).
Table IV-4. Reported critical values o f B deficiency in rice tissue (mg B kg*1).
Low Normal High Tissue Stage Reference
<26 26-80 80 Straw Ponnamperuma and Yuan, 1966
<3.4 3.4-100 100 Straw Maturity Tanaka and Yoshida, 1970
<38 38-51 >51 Straw Lockard et al., 1972
<13 13-67 >67 Straw Sharmaetal., 1981
<4-5 6-20 >20 New leaf Panicle Initiation Jones etal., 1991
<5 5-15 > 15 New leaf Max. Tillering M ills and Jones, 1996
<6 6-10 > 10 New leaf Panicle Initiation M ills and Jones, 1996
<7 7-27 >27 Y-leaf 6 wk (tillering) Yu and Bell, 1998
<7 6-30 >30 Y-leaf Tillering This study
Gupta (1993) noted that the term ‘critical’ level in crops is somewhat misleading, 
for there is a range in values rather than one definite number that could be considered as 
critical. The inconsistency o f the critical plant tissue B concentrations could be due to a 
number o f factors, including genetic variation, the growth stage at sampling, and the 
environment, such as whether the experiments were conducted in a greenhouse or the field 
(Nable et al., 1990a). Sampling time and the leaf position in plants must be considered in 
using critical values. As shown in Table IV-3, old leaves from a +B treatment contained 
lower B than that in new leaves, and could be mistaken as B deficiency if  using the new- 
leaf critical value. Judging by the B content in new leaves, however, B was sufficient for 
rice grown in the greenhouse soil. The higher B in young leaves may at first indicate that 
translocation was high in B-sufficient rice. However, in sand culture, the translocation o f
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B in B-deficient rice was insignificant, and even old leaves looked dark green (Table IV-3; 
Figure IV-2). It is reported that a large proportion o f B is capable o f translocation from 
ripening and dying parts o f plants (Goldbach, 198S). This may have occurred in B- 
sufficient rice, but not B-deficient rice. This unusual observation suggests that only new 
leaves should be sampled because they can better reflect B status.
The plant tissue Ca/B ratios have been considered as indicators o f the B status o f 
crops (Gupta, 1993). Marschner (199S) indicated that Ca-B interactions are likely to have 
a physiological basis. I found a negative interaction or relationship between B and Ca, 
indicating a possible similar function in cell wall structure and that the Ca/B may be a 
sensitive indicator for B deficiency, at least at booting stage (Table IV-2). The 
concentrations o f soluble B may increase at low Ca levels (Kamprath and Foy, 1971) and 
high Ca may inhibit B uptake according to sand culture and hydroponic experiments 
(Bergmann, 1992). The Ca/B ratios o f leaves greater than approximately 550 in rice at 
booting stage and approximately 350 at tillering stage appeared to reflect B deficiency.
The Ca/B ratio was highly significantly different across B treatments for the Caddo silt 
loam at booting (P=0.0005) (Table IV-3). It should be pointed out that the use o f the 
Ca/B ratio in assessing the B status o f plants should also be viewed in relation to the 
sufficiency o f other nutrients in the growing medium and in the plant. Gupta (1993) 
believed that the ratio was less important than the level o f the individual elements. 
However, the two indexes can be utilized together, and thus, B deficiency in rice can be 
expected if  the Ca/B ratio in the new leaves is greater than 350 at tillering or 550 at 
booting and leaf B is below 7 mg kg*1.
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S. Practical implications
The first commercial rice hybrid, Rice Tec’s ‘XL6’, is now available in the United 
States (Robinson, 2000). Field tests indicated a 35% grain yield advantage for it over 
‘Drew’, ‘Cypress’, and five other varieties and an approximately 20% revenue advantage. 
The increasing use o f intensive cropping, purer macronutrient fertilizers, and varieties with 
high yield potential, w ill unavoidably lead to the necessity o f increasing micronutrient 
input, including boron fertilization, for rice to achieve a more balanced nutrition. Given 
that B deficiency was found on ‘Bengal’ rice in United States and on hybrid rice in Asia, 
it is important to conduct B fertilization tests on the high-yielding hybrid rice, ‘XL6’, 
which may be more sensitive to B deficiency.
D. Conclusions
Visual symptoms o f B deficiency occurred only from the sand-culture treatment at 
tillering and more uniformly at the booting stage. B-deficiency symptoms were whitish 
and twisted new-leaf tips, noticeably fewer heads, and delayed maturity. Grain yield from 
the no-B sand treatments was 1.1 g pot*1 and was equivalent to 4% o f the yield from rice 
grown on the +B Caddo silt loam. Boron applications to the Caddo silt loam significantly 
increased B-concentrations in flag leaves and pollen vitality, and as a result, significantly 
increased rice grain yields 11% from 26.3 g pot*1 for the no-B treatment to 29.3 g pot*1 for 
the +B treatment (P = 0.02). Boron addition and liming did not affect tille r numbers or 
plant height. Effects o f soil-liming on rice grain yield were also insignificant. The critical 
value o f B deficiency in new, fully developed leaves at tillering or booting is likely 5-7 mg 
B kg *l, similar to values reported earlier. The Ca/B ratios in normal rice leaves at booting
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were 120-S00, while B-deficient leaves were >550. No visible symptoms o f B deficiency 
were found from rice grown on the Louisiana soil. Given the lack o f visual symptoms, 
leaf and soil B analyses are essential in helping to identify B deficiencies. This greenhouse 
study is the first report o f B deficiency in rice grown on a soil from the USA.
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V. ACTIVE UPTAKE OF BORON MAY OCCUR IN RICE AND SOYBEAN
A. Introduction
The mechanism o f B uptake in higher plants is in doubt because some results cannot 
be fully explained by the passive uptake mechanism but, on the other hand, there is little  
convincing evidence to support the active mechanism. Strong views regarding active versus 
passive B uptake have existed for several decades. A recent review o f B research noted that 
B absorption by plants can be largely explained by the unassisted permeation o f B(OH)3 
(passive transport) and subsequent formation o f cis-diol complexes inside the cell, without 
the need to invoke active transport o f B (Gupta, 1993). In fact, the passive-absorption 
opinion is very similar to that proposed by Raven (1980) twenty years ago. Raven (1980) 
considered passive absorption the primary mechanism o f B uptake but that active uptake 
theoretically could occur. Active uptake, according to Raven, would be regulated by plant 
responses to the total solution B concentration. Though active transport may not be 
excluded in an explanation o f the overall B distribution between the medium and the plant, 
Raven (1980) concluded that active B uptake was unlikely because o f the excessive 
permeability o f the plasma membrane to boric acid. More boric acid leaks out o f cells than 
other ions given boric acids’ high membrane permeability. I f  boric acid accumulated in the 
cell, Raven estimated that 3% o f all ATP used in respiration would be required to maintain 
cellular B concentrations. However, the energy required might be overestimated due to a 
flawed assumption by Raven (1980), and further discussion o f this point w ill be made later 
in this paper.
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Other studies also indicated B uptake by plants as a passive process. Evidence from 
trials using excised barley roots indicated that B-uptake was a non-metabolic process given 
that equilibrium internal B concentrations were equal to that in the external medium, 
desorption assays produced almost complete return o f absorbed B, and that B uptake was 
insensitive to temperature and metabolic inhibitors (e.g., KCN, DNP) (Oertli and Grgurevic, 
1975). However, such trials usually used excised roots (rather than entire plants) and high-B 
solutions (>50 pM B) for short periods (2 h). Contrary evidence came from Bowen and 
Nissen (1976, 1977) who found about 90% o f the total B recovered from excised barley 
roots was reversibly permeably accumulated, and the 10% balance was sensitive to 
temperature and metabolic inhibitors, though they could not find any accumulation against 
a concentration gradient. Using B isotopes, Thellier et al. (1979) did find B accumulation in 
the cytoplasm with higher B concentrations there than in the external solution.
Given the many studies, it is ironic that few illustrate the relative importance o f 
transpirational flow, diffusion and potential active uptake ofB . Furthermore, most research 
did not use B concentrations < 10 pM. Actually, many fresh waters are this low (Ahl and 
Johnson, 1972) and, in this range, the B content o f algae is much less dependent on external 
B concentrations (McBride et al., 1971). Soil solution B levels are also low. Soil solution 
B levels from 49 soils in Sweden varied from about 1 to 9 pM B (Lindsay, 1991). The main 
objective o f this trial is to explore B-uptake mechanisms at deficient, sufficient and toxic 
regimes via examining or estimating the role o f water transpiration and diffusion across 
membranes for B-uptake by both rice and soybean during a one-month period. I propose a 
method hereto quantify B diffusion across membranes. Using very conservativeassumptions,
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I  determined whether a passive mechanism alone can explain the B-uptake data. 
Additionally, comparisons between two very different plant species, soybean and rice, help 
determine B effects on plant growth, critical values for B-nutrition diagnoses, and the 
physiological role o f B in plants.
B. Materials and Methods
1. Hydroponic culture and treatments
Hydroponic culture o f soybean (Asgrow A6785) and two rice varieties, ‘Cypress’ and 
a Chinese hybrid (6-You-No.3), was carried out in a growth chamber. Three B levels 
representing B deficiency, B sufficiency and B toxicity were selected based on my past 
experience (0.1, IS and 100 pM for rice and 0.S, 15 and ISO pM for soybean) (see Chapter 
m ). A solution containing no B was used to germinate soybean and rice in the growth 
chamber. Rice seedlings were transplanted 9 d after germination and soybean seedlings S d. 
Three soybean seedlings or six rice seedlings were planted in each pot containing 3.3 L 
solution. Solution changes were at days 7, S, 4, 3, 2 and 2 for soybean and 10,6, 4, 3 and 
3 for rice, so that the concentrations o f most nutrients were kept relatively constant. 
Treatments were duplicated for the hybrid rice, and 3 reps were used for either soybean or 
‘Cypress’ . Thus, there were 24 pots in total. Soybean and rice were harvested 25 and 28 d 
after transplanting, respectively. Hoagland’s solution was modified to allow Si and a pH 
buffer to be used (see Chapter ID). Only half the regular amount o f Si was used at early 
stages (0-7 d for soybean and 0-10 d for rice) to avoid a high salt problem that Malvick and 
Percich (1993) encountered. The hydroponic solution for soybean was aerated. MES pH- 
buffer concentrations were also varied like Si to prevent its potential toxic effect (Nicholas
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and Harper, 1993): lmM during 0-12 d, 2 mM during 12-19 d and 3mM, thereafter, for 
soybean; and at lmM during 0-16 d, 2 mM during 16-20 d and 3mM, thereafter, for rice. 
Ten pM P was added to the solution daily one wk after transplanting for soybean and two 
wks for rice. Growth chamber settings were the same as given in a previous study (Yu and 
Bell, 1998).
2. Other measurements
The mean value o f the shoot height o f the three tallest plants in each pot were used 
as plant height. Tillers were counted at rice harvest. Plant tissue was separated into leaf shoot 
and root samples, dried and then ground to pass through a 40 mesh. Each sample o f 0.5 g 
was digested with 5.0 mL 70% nitric acid (‘AR Select’ by Mallinckrodt, Paris, KY) and 3.0 
mL 30% hydrogen peroxide (‘Reagent’ by EM Science, Gibbstown, NJ), and then B content 
in the digested solution was measured by ICP. Transpirational flow was calculated 
immediately after each solution change by weighing the remaining solution. At the same time, 
evaporative flow was measured by weighing another pot without plants grown but merely 
containing the same amount o f water as other pots. All changed solutions were separately 
sampled, stored in airtight containers in a refrigerator and then measured for B immediately 
after the trial. The total B in mass flow  was calculated as the product o f net transpirational 
flow and its correspondent B-concentration, which changed during plant growth, and was 
estimated by averaging the original and final concentrations. Data were analyzed using S AS 
procedures Proc Reg and Proc Glm (SAS Institute Inc., 1985).
3. Estimation o f B flux by diffusion
Diffusion o f a nutrient occurs along its concentration gradient. I were concerned here 
with the diffusion o f H3B03 from the bulk solution across the plasma membrane and into the
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cell. I assumed no diffusion lim itation in the bulk solution outside o f the plant cell. 
Hydroponic solutions were mixed during the experiment and this assumption is likely valid. 
Fick’s first law can be modified to describe the diffusion o f molecules across a membrane 
from outside (o) to inside (i) as Jj = - Dj (8C/5X) = - Di K /q 0-C j i)/A X  = Pj (q ° - C /) 
= Pj*Aq where Dj = diffusion coefficient (m2 s l), q  = concentration o f species j  (mol m'1), 
and X = distance in meter (m) K,- = the partition coefficient (the ratio o f the concentration 
just outside the membrane and the concentration just inside membrane), AX is membrane 
thickness and Pj (= - Di K/AX) is called the permeability coefficient o f species j. Therefore, 
I  have P = J/AC.
Boron influx (IB) by diffusion across the root plasma membrane is proportional to the 
influx rate (J), root weight (RJ and time (t). It can be expressed in differentiation that dIB 
/d t = J * Rw(t), or IB = /  J*Rw(t)dt, where R(t), the root weight, is a function o f time t and 
J = flux density o f solute j (mol m’2 s '*). Considering P = J/AC as mentioned above, i.e., J 
= P *AC, I have IB = JJ*Fq(t)dt = jPAC*Rw(t)dt = P|AC*Rw(t)dt, assuming P, the 
membrane permeability (m s '*), is constant. The exponential model used to simulate root 
growth with time is R* = a * exp(b x t), where a and b are constants. I assumed the internal 
[B ] = 0, due to insufficient B supply and quick reaction o f H3B03 with cis-diols to form B- 
complexes; and therefore AC = 0.1 pM for B-deficient rice and AC = 0.5 pM for B-deficient 
soybean. IB = J‘J*Rw(t)dt = jPAC*Rw(t)dt = PAC /R w(t)d t, assuming P, the membrane 
permeability (m s *1), is constant, and R(t) is a function o f time (t), where J = flux density 
o f solute j  (mol m*2 s '*) or the influx rate, which can be estimated by a given P under a 
constant AC. From the formula above, P is vital to calculate the B flux by diffusion when J 
is not measured.
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4. Explanation of the calculations Raven (1980) used to estimate the membrane 
permeability coefficient of boric acid PIDboi and a discussion of modifications 
used in this study
Raven (1980) used the formulas P= J/AC as deduced above to successfully calculate 
the membrane permeability coefficient o f boric acid (Ph3bo3 )• He used a weight-based influx 
rate measured by Thellier et al. (1979) for duckweed (Lemna minor L.) to estimate J. 
However, the description o f his method was unclear and a more complete explanation o f it 
would be helpful here. Moreover, by doing so, some o f its shortcomings can also be revealed.
Based on both experimental measurement and a reasonable estimation, it was assumed 
by Raven (1980) that i) J = 0.16 p mol / g dry wt min; ii) AC = 0.16 mM; iii) cell radius r = 
10 pm = 1 * 10 '3 cm; iv) fresh root wt / dry root wt = 5; v) 1 gram o f fresh roots =0.975 
cm3. Then, it was calculated that i) the surface area o f a cell was 4 n r = 4 * 3.14 * (10 *3)2 
cm2 = 1.256 x 10 "5 cm2; ii) the volume o f a cell was 4/3 *x r3 = 4.187 * lO"9 cm3; iii) the cell 
numbers o f one gram o f fresh roots were 0.975cm3 / (4.187 * 10 '9 cm3/cell) = 2.328 * 10 
* cells; iv) the total surface area o f one g o f dry roots was: 5 * (2.328 * 10* cells) * (1.256 
x 10*5 cm2/cell) = 1.462 * 10 4 cm2; and, thus, v) the membrane permeability coefficient 
Pb(OH)3:
P^oh# = J/AC = (0.16 p mol / g dry wt min) /  (0.16 mM)
= (0.16 p mol /1.462 x 10 * cm2 x 60 sec) / (0.16 p mol/cm3)
= 1.14 x io  * cm s'1 (Raven, 1980).
The commonly cited range ofPB(OH)3, 10 to 10 *5 cm s'1 (Raven, 1980) is from this 
(1.14 x 10 ^  cm s'1) and other approaches, e.g., the 8 x io-6 cm s*1 value is based on the linear 
relationship between the permeability coefficient, molecular weight, and the ether-water
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
partition coefficient; and the 4 * 10"6 cm s'1 value is based on the linear relationship between 
the permeability coefficient, molecular weight and the number o f potential H-bonding groups 
(Raven, 1980).
Unavoidably, Raven’s method tended to underestimate Pb(oh)3> because all root cells 
were assumed to be involved in the B diffusion. However, only about 5% o f the total root 
cells are accessible for passive solute flux in the intact plants via the apparent free space 
(AFS) which represents the interface for solute absorption between the symplast and the 
ambient medium surrounding the roots (Shone and Flood, 1985). A more conservative 
estimation for small molecules like H3B03, could be 10-20% root volume in the AFS, the 
Pb(oh)3 would be 5 to 10 fold higher, i.e., 5.70 * 10-6- 1.0 * 10'5 cm s'1; a value in agreement 
with other estimates and close to the theoretical maximum value o f P^ohp (Raven, 1980).
5. Boron influx by transpirational flow
Transpiration is the major driving force for mass flow. During transpiration, both 
water and solutes are moved to the root surface and may be taken up by plants. The quantity 
o f solute or ion moved to roots by mass flow (F) can be easily calculated as F = VC, where 
V is the volume o f transpirational flow, and C is the solute concentration. Although nutrients 
may reach the plasma membrane by this avenue, movement across the membrane is controlled 
by the plant for most nutrients. I have assumed here that there is no barrier to B moving 
across the plasma membrane with the transpirational flow although some restriction occurs. 
The other method o f water and nutrient uptake is not by crossing a plasma membrane but by 
direct uptake at the xylem via breaks in the endodermis during lateral-root development and 
at root tips. This method would offer no barrier to nutrient uptake. Nutrients and toxic 
agents otherwise excluded at the plasmalemma can enter the plant via this route.
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6. Boron by active uptake
The amount o f actively absorbed B is calculated as: Active-B -  B-uptake (28 or 25 
days for rice or soybean) - Difiiision-B - Transpiration-B. In other words, active B-uptake 
is the amount o f B-uptake which cannot be explained by either transpirational flow or 
diffusion. I also assumed that no interaction exists between transpirational and difiusional 
uptake.
7. Example of calculations used to determine the amount of diffusion that occurred
during the experiment
The amount o f B influx by diffusion for soybean can be calculated by either IB =
♦At or, more precisely, IB = jP R ^O dt = jP A C 'R ^d t = PAC jR^COd, where Ph3bo3 = 
1.14K x 10"6 cm s'1 (Raven, 1980), ( K is a constant ranging from 1 to 20 if  100 to 5% root 
cells are involved in uptake, respectively (Shone and Flood, 1985); Raven [1980] used K = 
1, which is too low for intact-plant studies), t, = 0 and t2 = 25 days, Rwl = 0.032 and R ^ -  
1.025 g, 1 g dry roots has 1.462 K '1 *104 cm2 surface area, i.e., I cm2 surface area is 
equivalent to 6.84K x 10'3 g dry roots, AC = difference in solution B inside cell and in outside 
solution=0.5 pM and Rw = 0.0313 exp(0.l386t), (Rr = 0.991, P = 0.0001). The exponential 
growth-rate equation is simulated by growth-rate data for plants o f the same species growing 
under similar conditions from this trial and from other similar trials o f ours.
An example o f the calculations used to determine the amount o f B diffusion into 
soybean during the course o f the experiment is given below for the 0.5 pM treatment:
J = P kjbosAC
= (1.14 K x 10 cm/s) x 0.5 pM B
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= (1.14 K  * 10 ■* cm3/s*cm2) x (0.5 * 10.81 * 10 *3 pg B/cm3)
= 6.16 K  * 10 '9 pg B s'1 /  cm2 (Root-surface-area basis)
= 6.16 K  x 10 ■* pg B s*1 / (6.84 K  x 10'3 g dry root) (Root-weight basis)
= 7.78 pg B/day«g dry root (Note: when root weight instead o f surface area is used, 
K cancels out.)
Then, by taking the average o f root weight and assuming a constant growth rate at 
the beginning and the end of the plant growth period as R*, the total B uptake via division 
is calculated:
IB = J x Rw x At
= 7.78 pg B/day.g x [(1.025 + 0.032)/2] g x 25 day 
= 103 pg B
B-uptake via diffusion can be calculated by another more precise method that takes 
into account a faster growth rate later in the experiment rather than the constant growth rate. 
IB = J/Rw(t)dt
= 7.78 pg B/day»g J [R*(t) g»day] dt,
= 7.78 pg B J [0.0313 exp(0.l386t)] dt 
= (0.244 pgB/0.1386) f  d[exp(0.1386t)]
= (1.76 pg B) x [exp(0.l386t)Us -exp(0.l386t)U
= 54.6 pg B versus 103 pg B calculated using a less accurate constant growth rate. 
I used the more accurate 54.6 pg B.
Total B uptake is the amount o f B contained in the plant minus B content in seedlings 
(8 pg B) and calculated as: 9.2 g x 19.1 mg B kg*1 - 8 pg B =168 pg B. Thus, in this 
example, B uptake (54.6 pg) could supply 33% o f the total B uptake via diffusion.
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The growth rate o f hybrid rice in this study was described as R„ = 0.0213 
exp(0.1529), (R2 = 0.997, P = 0.0001) and for ‘Cypress’ rice as Rw = 0.0121 exp(0.1616t), 
(R2 = 1.000, P = 0.0001). Rice was grown for 28 d. By similar calculations as in soybean 
and using non-linear growth curve, B uptake via diffusion could have supplied 15.4 pg B for 
the hybrid rice and 10.6 pg B for the ‘Cypress’ rice.
C. Results and Discussion
1. Boron effects on plant growth
Boron additions at IS pM significantly increased dry matter yields in soybean (P =
0.0461) and hybrid rice (P = 0.0204) compared to the lowest B treatment (Table V -l).
Table V -l. Effects o f solution B concentration on dry matter, height, B concentrations, 
and tille r number in varied parts o f rice cv ‘Cypress’ and hybrid cv ‘6-You- 
No.3’(37 d after germination) or soybean cv ‘Asgrow A6785’ (30 d after 
germination).
Plant Treatment 
(pM B)
Dry Matter 
(g Pot'1)
Height
(cm)
Leaf-B 
(mg kg1)
Tissue-B 
(mg kg‘l)
Tillers 
(No. pot*1)
0.5 9.2 bf 53.4 b 22.1 c 19.1 c -
Soybean 15 10.9 a 97.9 a 57.9 b 44.0 b -
150 11.6 a 97.9 a 115.1 a 108.6 a -
0.1 11.7 ab 76.9 a 4.6 c 3.7 c 32.0 ab
Cypress rice 15 13.0 a 79.3 a 14.3 b 10.0 b 34.0 a
100 10.4 b 77.0 a 28.4 a 19.7 a 27.7 b
Hybrid rice 0.1 13.6 b 70.0 a 4.7 c 3.4 c 37.0 ab
15 15.7 a 70.8 a 9.8 b 8.1b 39.0 a
100 13.3 b 71.0 a 25.4 a 20.3 a 32.5 b
t  Means with the same letter within any plant type are not significantly different at a = 
0.05 (Duncan’s test).
Boron supply at 100 pM was toxic to both rice varieties, and rice yield and tills decreased. 
However, unlike rice, soybean showed a higher tolerance to high levels o f B and suffered 
no yield loss when grown at ISO pM B but did show mottled and necrotic areas on old
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
leaves at harvest. Compared to soybean, rice is more sensitive to high solution B and less 
sensitive to low solution B (Li and Zhu, 1991). Soybean could not survive at 0.1 pM B 
based on my previous study and suffered a 15.6% dry matter yield reduction at 0.5 pM B 
in this study.
B-deficient soybean was significantly shorter than soybean grown at normal or 
high B supply. Boron deficiency rapidly inhibits the elongation growth o f roots (Gupta, 
1993) and the elongation o f shoots as was observed in this study for soybean (Table V -l). 
The total shoot or root length is the result o f cell elongation and cell division and evidence 
here suggests that B is required for both processes. It has not been possible, however, to 
decide unequivocally which process is preferentially affected by B deficiency. There was 
no significant difference for tillering for the low B-treatment compared to the B-sufficient 
treatment. Boron toxicity, however, did have a significant influence on rice tillering and, 
therefore, on the differentiation o f cells.
The quantities o f B in both leaves and entire plants o f B-deficient, B-sufficient and 
B-toxic soybean and rice are shown in Table V -l. The effects o f B on ‘Cypress’ and the 
hybrid were similar, except that the hybrid rice was more sensitive to B deficiency than 
was ‘Cypress’ . The sufficiency range o f B in rice new leaves at the tillering stage from 
this study was 5 to 20 mg B kg'1, which is consistent with the critical range o f 5-15 mg B 
kg’1, reported by M ills and Jones (1996). I f  new leaves o f older plants are sampled, this 
value may be higher, i.e., 7-27 mg B kg*1, as reported by Yu and Bell (1998). The leaf-B 
concentration was about 4 times larger in soybean than in rice. Hu and Brown (1997) 
reported that more B is generally required by dicots than graminaceous monocots
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presumably because o f the higher pectin content in dicots. The sufficiency range o f B in 
soybean new leaves prior to pod set is 20-S5 mg kg ' l (M ills and Jones, 1996). Similarly, 
the B concentrations in leaves o f B-deficient and B-sufficient soybean were found to be 22 
and 58 mg kg respectively, but the slightly higher critical values found here may be due 
to a variation among varieties, growth chamber-grown conditions, and the younger plants 
(one month old) that were sampled.
2. The role of transpirational flow in B-uptake
At low levels o f B, i.e., 0.5 pM for soybean and 0.1 pM for rice, the ratio o f B 
mass in transpirational flow to B mass in plant was 0.07 and 0.10, respectively, indicating 
that passive transpirational flow supplied 7-10% o f the total amount o f B taken by the 
plant (Table V-2). Thus, other uptake mechanisms, such as passive diffusion or active 
uptake mechanisms, would be needed to explain the balance o f B taken up by these plants. 
A t a sufficient level o f B, i.e., 15 pM, passive transpirational flow could have accounted 
for all o f the B uptake by soybean (Table V-2). In fact, the 15 pM B treatment provided 
more B by transpirational flow than was required by rice, resulting in a ratio o f 
transpirational-flow-B/plant-B > 4. Calculations indicated that a 2 to 4 pM B solution 
concentration would allow enough transpirational flow to meet rice-B uptake. Thus, it 
may be more likely that a sufficient B level for rice may be closer to 3 pM than the more 
commonly used 10 pM (Table V-3). Chapman et al. (1997) did not find obvious B- 
deficiency symptoms on five species they tested at 0.15 pM B, and concluded that 0.15 - 
2.5 pM B was sufficient to produce maximum yield.
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Table V-2. Relationship between the mass o f B in transpirational flow and mass o f B in 
soybean and rice under deficient, sufficient and toxic B supply (over a 28 
period beginning at 9 days after germination for rice; over a 25 d period 
beginning at 5 days after germination for soybean).
Plant Treatment
(|iM B )
Flow-B 
(pg pot’1)
Plant-B 
(pg pot’1)
Ratio
(Flow-B/Plant-B)
Uptake-
Mechanism
0.5 19 168 0.11 Active ?
Soybean 15 623 472 1.3 Passive
150 6209 1220 5.1 Excretion/Blockage
0.1 3.2 42 0.08 Active?
Cypress rice 15 546 129 4.2 Excretion/Blockage
100 2766 205 13.5 Excretion/Blockage
0.1 3.8 45 0.08 Active?
Hybrid rice 15 690 126 5.5 Excretion/Blockage
100 3788 268 14.1 Excretion/Blockage
Table V-3. Predicted solution B concentrations required to attain certain ratio o f B- 
requirement supplied by transpirational flow and uptake mechanism.
Ratio of 
flow-B/plant-B 
to attain
Predicted solution B needed (pM) B-uptake
mechanism
Soybean Cypress Hybrid Rice
0.1 l. l 0.3 0.2 Active ?
0.5 6.7 1.6 1.3 Active?
1.0 13.9 3.2 2.7 Passive
5.0 112.0 17.4 14.6 Excretion/Blockage
10.0 N A f 39.7 33.2 Excretion/Blockage
Predicted values are based on equations:
1) Ratio = 0.09310 B - 0.000394 B2 (model P<0.0001, R2 = 0.997) for soybean;
2) Ratio = 0.3082 B - 0.001680 B2 (model PO.0001, R2 = 0.991) for ‘Cypress’;
3) Ratio = 0.4010 B - 0.002603 B2 (model P0.0001, R2 = 1.000) for hybrid rice; 
t  Extrapolation is out o f the range o f the solution B concentrations in this study.
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At toxic levels, transpirational flow supplied B at 5 times larger quantities than was 
actually found in soybean and 13 to 14 times larger in rice. In fact, hydroponic B 
concentrations increased during the experiment from the high-B treatment. Little 
evaporation occurred in these pots that had little  surface area open to the atmosphere 
although solution levels dropped due to transpirational flow. Therefore, the increase in 
solution B resulted from efflux, the blockage o f B transported across the plasma 
membrane, or both. Compared to other ions, boric acid has a very high membrane 
permeability (see Table 11-3). The blockage o f B could occur due to a decreased 
membrane permeability to boric acid in response to high external B concentrations (a form 
o f active uptake, perhaps). Efflux could occur via a transporter on the plasma membrane. 
Other unidentified mechanisms are possible and thus further studies are needed on the 
uptake mechanisms under high external B concentrations.
3. The role of diffusion in B-uptake
When B supply was sufficient or excessive, the B supply to the root surface by 
mass flow with transpirational water was more than 100% o f the total B absorbed by the 
plant in the growth period, and thus, B diffusion away from the root surface would likely 
occur. On the other hand, when external B concentration is high, the estimation o f the 
amount o f B-influx or efflux due to diffusion mechanisms is difficult to calculate due to 
insufficient data and could not be quantified in this study. However, when external B was 
very low, i.e., 0.5 pM B for soybean and 0.1 pM B for rice, it was estimated that only 33- 
44% o f B uptake could be accounted for transpirational flow and diffusion combined or 
only 25-34% by diffusion alone, with more than half o f the total B uptake unexplained as 
shown in Table V-4.
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Table V-4. Relative importance o f passive uptake (transpirational flow and diffusion) 
o f B in soybean and rice under deficient, sufficient and toxic B supply.
Plant B supply Boron (pg pot'1’! Flow + Diffusion Uptake mechanism
species (pM)_____Plant Flow Diffusion (% o f uptake)__________________
0.5 168 19 54.6 44 Active
Soybean 15.0 472 623 - >100 Excretion/Blockage
150.0 1220 6209 - >100 Excretion/Blockage
0.1 42 3.2 10.6 33 Active
Cypress 15.0 129 546 - >100 Excretion/Blockage
100.0 205 2766 - >100 Excretion/Blockage
0.1 45 3.8 15.4 43 Active
Hybrid 15.0 126 690 - >100 Excretion/Blockage
100.0 268 3788 • >100 Excretion/Blockage
This unexplained portion could be involved in active B uptake. Conversely, there 
may be no active uptake but the computed value o f Pb<oh)3 for duckweed (Lemna minor), 
1.14K x 10"* cm s'1 used here is too low and a higher membrane permeability coefficient is 
needed. I f  this is true, the P^ohp would have to be 3.28K * 10-6 cm s'1 for soybean, 4.28K 
xlO-6 cm s*1 for ‘Cypress’ rice and 3.12K * I O'6 cm s'1 for the hybrid rice, to explain all B 
uptake via passive-uptake mechanisms, i.e., transpirational flow and diffusion. However, 
as I mentioned above, K  would most probably range from 5 to 10, although Raven (1980) 
assumed K = I . Thus, the high values needed for passive uptake (>1.56 * I O'5 cm s*1) 
seem impossible when compared to two theoretical values calculated by Raven (1980) 
using other approaches, i.e., 8 xlO^cm s*1, and 4 xlO* cm s’1, which indicated a range o f 
1.0x10* to 10 *10*5cms*1 forPfoacj. These theoretical calculations were made with
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the assumption that permeation is purely by a “ lipid solution” mechanism. As stated by 
Hu and Brown (1997), it is clear that calculations o f B fluxes based solely on theoretical 
lipid permeability are inadequate to predict B absorption by plants. Genotypes within a 
species could differ several fold in B permeability, which may have a physiologically 
important effect on B uptake by roots. In other words, the real P^ohp f° r soybean or rice 
could be either lower or larger than that for duckweed, i.e., 1.14K xlO-6 cm s’1. Since 
different plants may be characterized by specific membrane permeability coefficients for 
B(OH)3, it is important to estimate values o f PB(0H)3 by the measured in vivo fluxes for 
the different plants. Evidence from other studies o f ours showed similar Ph3B03 values as I 
used here (see next chapter). Thus, the passive mechanism cannot explain the total B 
uptake if  a commonly accepted range for P^aca's used> > 1.0 * 1 O’6 to 1.0 x10*5cm s’1.
Even if  active transport or facilitated diffiision o f B(OH)3 occurs, it may only be 
important at low B. The transmembrane fluxes (or diffiision) may be significant 
contributors to B uptake at more normal solution B concentrations (Wildes and Neales, 
1971), because o f the high permeability coefficient o f boric acid. In contrast, when the 
external B concentration is very low, B in transpirational flow, as shown here, plays a 
minor role in B supply to the plant.
4. Active vs. passive uptake of B
B-uptake mechanisms are not clearly understood. There are two major arguments 
against active uptake mechanisms. Firstly, it is claimed that the permeability coefficient 
for B(OH)j (between 10 *  and 10 *5 cm s*1) is high enough to account for the measured 
magnitude o f boric acid fluxes at many plant cell membranes (Raven, 1980), yet this was
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not true when B supply was low as was found here. I assumed a zero boric acid 
concentration inside and maximum boron flux across the membrane; any other value 
would have estimated less diffusion and more unexplained uptake.
Secondly, Raven (1980) stated that the use o f active transport o f boric add to 
maintain B distribution across a membrane away from the thermodynamic equilibrium is 
likely to be energetically expensive. Raven deduced the energy requirement by active 
transport by assuming a difference in free boric acid concentration between the inside and 
outside o f the cells o f 100 pM (100 nmol cm'3) and found that 3% o f the total available 
ATP from respiration would be required to counteract the passive efflux. This would be 
a large expenditure for preventing the leakage o f one micronutrient. However, it is not 
necessary to keep such a high concentration difference (100 pM B o f boric acid) against 
diffusion, as a concentration difference o f s 10 pM B is likely since soil-solution is often 
<10 pM B (Lindsay, 1991) and an apparent indication o f active uptake. With a 10 pM 
difference in B concentrations inside and outside o f the cell, for instance, IS pM inside 
and S pM outside, the ATP requirement would be less than 0.03% o f the total available. 
Thus, active uptake would be very “ inexpensive” , even more so when external B is at 
deficient levels (< l pM for rice). Generally, free boric acid concentration inside the 
cytoplasm approached zero at normal B supply (Hu and Brown, 1997) and, therefore, the 
ATP requirement against outward leaking o f boric acid would be negligible at low B 
supply, because the real concentration difference across the membrane w ill never be very 
large when both inside and outside B concentrations are low.
This confusion may have resulted from the multitude o f studies that used 
unrealistically high B concentrations when diffusion or even transpirational flow alone
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could have supplied adequate amounts o f B to plants. However, as shown in this study, 
when external B is very low, diffusional plus transpirational B would be insufficient to 
explain the total B uptake in plants. The confusion might also be partly due to the 
significant effects o f c/s-diol complex formation which adds considerable complexity to 
the interpretation o f uptake trials (Hu and Brown, 1997). However, I assumed 100% 
complexation inside the cell and, still, diffusion + transpirational flow o f B was inadequate 
to explain all B uptake.
Even at high external B concentrations, passive mechanisms o f B uptake provide 
difficult explanations. At toxic levels, transpirational flow would have supplied 5 to 13- 
fold larger quantities o f B than was actually found in plants from this study. Therefore, 
plants placed in high-B solutions may lim it B uptake by excretion or blockage 
mechanisms, which would be active processes as well.
0. Conclusions
In summary, B additions significantly increased dry matter o f soybean and rice and 
plant height o f soybean when grown at low solution B. Boron uptake could be explained 
by a passive uptake mechanism under normal B supply. It was highly likely that active 
uptake occurred at low B conditions, since only a minor portion o f total uptake can be 
interpreted by passive uptake, alone. Passive uptake and active excretion o f B may have 
been involved at high B levels or B uptake was blocked at high B supply (but which may 
still be an active form o f uptake).
However, an unequivocal conclusion about B uptake mechanisms cannot be made 
now. Future studies on B uptake should cover realistic B concentrations, include both 
long-term and short-term uptake periods, and quantify the influence o f B-complex
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formation. Though simple, Raven’s method (1980) to experimentally validate the 
theoretical membrane permeability coefficient is very useful in estimating PB(0H )3 for 
specific plant species or comparing permeability among species. Previous inhibitor studies 
are not conclusive, but such studies involving solution B concentration in the deficient 
range could cast a light on better deciphering the enigma o f B-uptake. Another relevant 
issue is that more precise estimation relies upon more sensitive B analysis with a lower 
detection lim it.
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VI. BORON UPTAKE MECHANISMS OF B-DEFICIENT RICE AND
SOYBEAN
i. DIFFUSION AND MEMBRANE PERMEABILITY
ii. INHIBITOR EFFECTS ON B UPTAKE
A. Introduction
Although boron (B) is an essential micronutrient for higher plants and much is 
known in regards to its function, the B-uptake mechanism (active vs. passive) has been a 
hotly disputed topic for decades. It was proposed that B is absorbed by plant tissues 
either by passive or active transport, or by a combination o f both passive and active 
transport (Raven, 1980). The main proofs supporting passive transport are: i) insensitivity 
to temperature and metabolic inhibitors, e.g., DNP and KCN (Bingham, et al., 1970;
Oertli and Grgurevic, 1975; Hu and Brown, 1997); ii) the equilibrium concentrations o f 
HjB0 3 within and outside plant cells were the same; iii) the uptake o f B was linearly 
related with B supply; and iv) theoretically, active uptake mechanisms are energetically 
expensive due to the high membrane permeability o f boric acid allowing B to leak out o f 
cells (Raven, 1980). Contrary evidence supporting active transport are: i) results 
indicating metabolically regulated B uptake (Bowen, 1968; Bowen and Nissen, 1976,
1977; Wildes and Neales, 1971); ii) carrier-mediated reaction and irreversible 
accumulation o f the absorbed B (Bowen, 1968); iii) temperature dependence o f B uptake 
(Bowen and Nissen, 1976; Wildes and Neales, 1971; Shu et al., 1991); and iv) the 
equilibrium concentration o f H3B03 within the tissue exceeded that in the external solution 
(Wildes and Neales, 1971; Thellier et al. 1979).
However, there are several major concerns with most previous studies o f B 
absorption: i) the unrealistically high B levels in solution cultures; ii) the desorption
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period was not adequately considered; iii)  experimental periods were very short; iv) only 
partial rather than whole plants were used, such as that used in excised-root methods; and 
v) the high energy costs do not preclude the possibility o f active absorption. Protons, for 
example, have an estimated membrane permeability o f 10'3 to 10"* cm s’1 (Dencher et al., 
1986), which is 100 to 1000 times more permeable than boric acid. However, active H+ 
transport occurs in all living systems (Briskin and Reynolds-Niesman, 1991). Actually, 
active uptake o f B may be ‘inexpensive’ instead o f energetically ‘expensive’, as discussed 
earlier in Chapter V.
It is worth mentioning that classical analysis o f elemental uptake based upon 
determination o f transmembrane electrochemical gradients, analysis o f absorption kinetics 
and measurement o f electrical changes upon ion uptake do not readily apply to studies o f 
B, because of: i) the uncharged boric acid molecule; ii) the relatively high (though poorly 
defined) membrane permeability o f boric acid; and iii) the propensity of B to form 
complexes in the cell wall and cytoplasm (Hu and Brown, 1997), so that higher B 
accumulation in plant tissues than that in external medium does not necessarily mean 
active uptake.
In this study, I analyzed the B transport data from rice and soybean grown at three 
B levels, denoting deficiency, sufficiency and toxicity, and calculated B influx via 
transpirational flow and diffusion in relation to membrane permeability o f boric add based 
on Fick’s first law (Fick, 18SS) and a method by Raven (1980). I use a novel and accurate 
technique to estimate B permeability to membranes by assuming all B uptake occurred via 
passive uptake (diffusion plus transpiration) during a 6-h assay. Although all B uptake
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may not be from passive uptake during the 6 hour assay, any error in this assumption 
could only overestimate passive uptake. I have tried to lim it errors to the overestimation 
o f passive uptake. I can then bypass the poorly defined membrane permeability estimates 
by using the influx rate measured from the 6-h assay to determine diffusion in the 
conditioning period.
Additionally, the effect o f a metabolic inhibitor (DNP) on B uptake was 
determined in a 6-h assay for B-deficient rice in which active uptake mechanisms are 
thought to be involved, as discussed in Chapters III and V. I used DNP which allows 
electron transport in the mitochondria to occur but prevents the phosphorylation o f ADP 
to ATP by uncoupling electron transport and ATP synthesis (Lehninger, 1982). The 
inhibitor should have little  effect on passive uptake which is not ATP-dependent and is less 
likely affected by inhibitors during short periods. Thus, significant inhibitor effects would 
indicate the likely involvement o f active uptake requiring ATP.
B. Materials and Methods
1. Culture o f rice and soybean
Hydroponic culture o f rice (6-You-No.3, a Chinese hybrid) and soybean (Asgrow 
A678S) was carried out in a growth chamber with three replications and three B levels:
0.1, 10 and 100 pM B for rice and 0.S, IS and ISO pM B for soybean. A germination 
solution containing no B was used, and six 9-d-oid rice seedlings and three S-d-old 
soybean seedlings were transplanted to each pot that contained 3.40 L o f hydroponic 
solution and grown for 2 wk under conditioning. Rice endosperm and soybean cotyledons 
were removed at transplanting. Solutions were changed at days 0 and 9 for rice, and 0, 7
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and 11 for soybean. Like the 0.1 pM B treatment above, an additional 24 pot o f B- 
deficient rice were similarly prepared for the inhibitor study at a later date. The 
compositions o f the hydroponic solutions and the growth chamber settings were similar to 
an earlier study (Yu and Bell, 1998).
2. Boron depletion trial
Rice (9 pots) and soybean (9 pots) were transplanted in conditioning solutions and 
grown for two wk; leached for 1 min; rinsed with 0.01 M CaCL for 30 sec; rinsed with 
deionized water for 30 sec; placed in 200 mL depletion hydroponic solutions with 2.5 pM 
B for rice and 5.0 pM B for soybean, respectively, in a laboratory at 25 °C; the solution 
was stirred, and 2 mL aliquots were taken at 30 sec, 5 min, 2 h, 4 h and 6 h for rice, and at 
5 min, 1 h, 2 h, 3 h and 4 h for soybean, diluted to 10 mL, and filtered into plastic tubes 
for B determination by ICP-MS, using plasma emission standard B (1000 pg/mL, H ,0 
matrix) (VHG Labs, Manchester, NH); the volume o f the remaining solutions was 
recorded; and the dry weight and B concentrations for both shoots and roots after the 
uptake tria l were measured. Tissue B was determined using 1CP. There were three 
replications per treatment among species.
3. Inhibition study
In the B depletion trial to determine metabolic-inhibitor effects, 24 pots o f B- 
deficient rice (over a 14 d conditioning period beginning at 9 days after germination) were 
randomly divided into three replicated groups. The eight pots o f rice in each group were 
assigned with eight varied treatments, which were 200 mL hydroponic solutions w ith eight 
combinations o f two levels o f inhibitors (none or 50 pM DNP) (by Sigma Chemical, Co.,
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St. Louis, MO) and four levels o f B (0 .2 ,0.S, 2.5 and 10 pM ). Every two pots placed 
together were under solutions with or without inhibitor but at the same level o fB  in a 6- 
hour depletion study. Rice was similarly rinsed and 2 mL aliquots were taken at 5 min, 1 
h, 2 h, 4 h and 6 h, and diluted to 5 mL for B determination by ICP-MS. The SAS Proc 
Mixed and Proc Reg procedures were employed in the statistical data analysis (SAS 
Institute Inc., 1985).
4. B uptake rate by roots
The instantaneous rate o f uptake (IB) o f B is given by the equation: IB = l/R * 
dB/dt, where R is the dry weight o f the root at that instant. The mean value o f IB for a 
finite-time interval may be calculated from the approximate formula (Williams, 1948): IB = 
(B2 - B ,)* InflL/R,) / (Rj - R,) (t, - 1,), where R, and R, are the initial and final root dry 
weights, and, B, and B2 the total B contents in depletion solutions at the initial and final 
time. In a short period, Rj is close to R, and In fR j/R ,)/^  - R,) is approximately equal 
to l/R ,, i.e., IB = (B2- B,)/ R ,(tj - 1,) = (B2- B,)/ R2(t2 - 1,). This is a good approximation 
when actual R, values are unknown because I don’t want to damage roots to get their 
weight directly. The equation IB = (B2- B, - B,) /R2(t2 - 1,) was used to calculate B influx 
by diffusion (IB), where Bf is the B amount in transpirational flow.
5. Flux o f B by diffusion
Boron by diffusion can be calculated as IB = JJ*Rw(t)dt = jPAC 'R ^tJdt = 
PjAC^R^tJdt = J1/ACl/AC*Rw(t)dt, assuming P is constant, and R(t) is a function o f 
time (t). The model used to simulate root growth with time is R „ = a * exp(b * t), where 
a and b are constants. I  assumed the internal [B] = 0; and then AC =0.1 pM for B-
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deficient rice and AC = 0.5 pM for B-deficient soybean. Compared to the previous 
formula, IB = P fA ^R ^tJd t (Chapter V), to estimate B flux by diffusion, the formula 
here, IB= VACJAC*Rw(t)dt, does not contain the item P but all experimentally measured 
data or data calculated using conservative assumptions. In other words, the estimation 
here is more accurate because it is independent of the estimation o f the membrane 
permeability o f boric acid. Therefore, it is unimportant if  P is poorly defined or unknown 
because it was determined using my plants.
Boron by active uptake is calculated as: Active B = B uptake (0-14 d) - Diffusion 
B - Transpiration B. Boron influx by diffusion for rice was calculated as described below 
during the 2-wk conditioning period.
1) rice was grown at 0.1 pM B for 2 wk;
2) 1^ = 0.0199 exp(0.1574t), (R2 = 0.996, P = 0.0001);
3) J, = 64.3 n mol B/h*g dry root wt = 16.7 pg B/d*g ;
4) AC, = 2.5 pM, and AC = 0.1 pM.
Then, IB = J,/ACJAC*Rw(t)dt
= (16.7 pg B/d»g)/(2.5 pM) f  [(O .lp M )*^ ) d-g] dt
= (0.668 pg B) f  [0.0199exp(0.1574t)] dt
= (0.0845 pgB) x [exp(0.1574t)Uu -exp(0.1574t)U]
= 0.68 pg B.
Boron influx by diffusion for soybean was calculated as described below.
1) soybean was grown at 0.5 pM B for 2 wk;
2) = 0.0354 exp(0.1518t), (R2 = 0.984, P = 0.0001);
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3) Jt = 342.8 n mol B/ h«g dry root wt = 88.9 jig  B/h*g;
4) AC! = 3.59 jiM  (average), and AC = 0.5 jiM .
Then, IB = Jl/AC,/AC*Rw(t)dt
= (88.9 jig  B/d*g)/(3.59 jiM ) J [(0.5 jiM ^R ^ t) d«g ]dt 
= (12.4 jig  B) J [0.0354exp(0.1518t)]dt 
= (2.89 jig  B) x [exp(0.1518t)|PU - exp(0.1518t)|,.0]
= 21.3 jig  B.
6. Membrane permeability (P)
Fick’s first law can be modified to describe the diffusion o f any solute species j  (j 
= H3BOjhere) across a membrane as Jj = - Dj (dC/dX) = - Dj Kj(C,° - C j') / AX = Pj (Cj° 
- C j) = PjACj, where Jj = flux density o f H3B03 (mol m'2 s 'l), Dj = diffusion coefficient 
(m2 s 'l), Cj = concentration o f H3B 03 (mol m‘3), and X = distance in meter (m), Kj = the 
partition coefficient (the ratio o f the concentration o f H3B03 just outside the membrane 
and the concentration just inside membrane), AX is membrane thickness and Pj(= - D j K 
/A X ) is called the permeability coefficient (m s*1) o f H3B03. Thus, Ph3Bo3 is a single, 
readily measured quantity characterizing the diffusion o f H3B03 across a membrane or 
other barrier. Therefore, I have P = J/AC.
Raven (1980) developed a method to estimate Pkbcu- When B influx rate has been 
determined on a root-weight basis, the membrane area can be approximated by the surface 
area o f the root cells in ffesh roots, and then Ph30o3 calculated using formula P = J/AC. 
One o f the estimations ofP for H3B03 is 1.14 * 10 ^  cm s’1 for duckweed roots (Raven, 
1980). I have estimated PmB03  values based on the data from B-deficient plants during the
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6-h or 4-h depletion trial in this study with a modification to Raven’s method. His method 
usually leads to an underestimation o f P. In addition, I assumed: (i) the B concentration 
inside the root cells was zero, for the plants were B-deficient and the depletion-assay 
period was short; (ii) no active uptake was assumed to occur given the high external B, for 
example, potassium is taken up passively under normal external concentrations, but is 
actively accumulated under very low extracellular K’ concentrations (Maathuis et al., 
1997), and that 2.5 pM B was a high external concentration for rice (Yu and Bell, 1998); 
and (iii) that total passive-B uptake = B by diffusion + B by transpirational flow.
From my trial on rice:
1) mean JB = 64.3 n mol / h»g dry root;
2) mean AC = 2.50 pM at average;
3) cell radius r = 10 pm = 1 * 10 3 cm;
4) fresh root wt / dry root wt = 5 and 1 gram o f fresh roots =0.975 cm3.
Thus, Pb(oh)3 ~ M^
= (64.3 n mol /  g dry wt hr) / (2.5 pM)
= (64.3 n mol) /( l.463 K x 104 cm2 * 3600 sec x 2.5 n mol cm’3)
= 0.4883 x K '1 x 10 *  cm s'1 (K < 1, also see the Materials and Methods in 
Chapter V)5.
> 0.4883 x io  * cm s’1.
The calculation o f Pb<OH)j for B-deficient soybean roots is similar except that:
s
Only 10-20% instead o f 100% root volume in the AFS are accessible for passive solute 
flux.
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1) JB = 342.8 n mol /  h*g dry root;
2) AC = 3.59 pM at average;
Then, P b<oh)3 = J/AC
= (342.8 n mol / g dry wt hr) / (3.59 pM)
> 1 .8 1  x 10 cm s'1.
C. Results and Discussion
1. Diffusion and membrane permeability
Boron taken up by soybean and rice during the conditioning period was partitioned 
into diffusional, transpirational, and unexplained fractions (Table VI-1). I have described 
the unexplained fraction as active uptake for discussions below. The permeability o f cell 
membranes to H3B03 was calculated based on the data from B-deficient plants during the 
6-h depletion for rice and the 4-h depletion for soybean. For rice grown at 0.1 pM B for 2 
wk, calculation indicated that passive uptake (diffusion:15.6% + transpirational 
flow:24.8%) was responsible for 41% o f B uptake, while active uptake was presumed 
responsible for the remaining portion, 59%. For soybean at 0.5 pM B for 2 wk, the 
passive uptake was responsible for 61% (diffusion: 51 %; transpirational flow: 10 %), and 
the active uptake for the residual 39% (Table VI-1).
Based on the influx rates in this study and a method proposed by Raven (1980) as 
described in the Materials and Methods, the membrane permeability coefficients o f boric 
acid were determined to be 1.81 xio -6 cm s'1 for soybean and 0.488 xiO"6 cm s’1 for rice 
(Table VI-2). I f  errors occur, my values are likely underestimated (see Chapter V) and 
should be reported higher so that they would be consistent with the commonly accepted
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Table VI-1. Partitioning o f B uptake by rice and soybean into diffusional,
transpirational and active-uptake portions during the conditioning period. 
The passive uptake (diffusion plus transpiration flow) fraction was too 
small to explain all o f the B uptake, and the unexplained fraction (*39%) is 
probably due to active uptake in B-deficient rice and soybean.
Relative importance in boron uptake (%1
Diffusion Transpiration Active-uptake
Soybean 51 10 39
Rice 16 25 59
Table VI-2. Comparisons among the biological membrane permeability coefficients for 
a few biologically important molecules.
Molecules Membrane Permeabilitv Coefficients (’em s"1)
nonpolar molecules (such as Oj) 30
H,0 1 x  1 0  -2 (Taiz and Zeiger, 
1998)
small non-electrolytes I  X  10 "*
H3BO3 I X  10^-1  X 1 0  -5
H3BO3 (in duckweed) 1.14 X  10-6 (Raven, 1980)
H3BO3 (in soybean) *1.81 xlO* (This study)
H3BO3 (in rice) *0.488 xlO-6 (This study)
small ion (K*) I  x  1 0  -7
range for boric acid, i.e., 1 *10 * ~1 * 10 '5 (Raven, 1980). Fortunately, unlike in Chapter 
V, the accuracy in estimating membrane permeability does not affect the estimation o f the
passive uptake fraction which had been calculated before Ph3bo3 was estimated in this 
study. In comparison to a small cation like K+, the uncharged boric acid has a larger 
membrane permeability (Table VI-2). This is why passive uptake can explain much (but 
not all) o f the B-uptake data without the need to invoke the active transport o f B (Gupta,
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1993). However, passive uptake alone cannot explain all B uptake fo r B-deficient plants, 
as described above (Table VI-1). Raven (1980) misleadingly claimed that active uptake 
mechanisms are energetically too expensive due to the high membrane permeability o f 
boric acid. In other words, the high passive permeability w ill have a substantial ‘short- 
circuiting’ effect on any transport mechanism. Actually, if  active uptake occurs when 
external B is at deficient levels, it would be very “ inexpensive” (see discussion in Chapter 
V). In addition, protons are estimated to be 100 to 1000 times more permeable than 
boric acid (Dencher et al., 1986), but active H* transport still occurs in all living systems 
(Briskin and Reynolds-Niesman, 1991).
The depletion-solution B concentration used in the 6-hour assay was 2.5 pM for 
rice and 5 pM for soybean. B-deficient soybean decreased solution B by 3-fold during the 
assay, but B-toxic soybean doubled solution B (Figure VI-1). Rice was similar but with 
less pronounced effects. Uptake by transpirational flow usually would not decrease 
solution B concentration, but uptake by diffusion or active mechanisms could decrease it. 
Therefore, the rapid decrease in solution B during the assay is a strong indication that B- 
uptake mechanisms other than diffusion might have been involved with B-deficient plants.
2. Significant inhibitor effects
As shown in Figure VI-2, B uptake by rice was reduced by the metabolic inhibitor 
(50 pM DNP) so that B concentrations of depletion solutions with inhibitor were higher 
than those without inhibitor (P=0.0001). This trend holds regardless o f external solution 
concentrations from 0.2 to 10 pM. The concentration differences between treatments
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Figure VT-1. Depletion o f solution B over time (0-4 h) for soybean cv ‘Asgrow A6785’ 
which were grown for 14 days in the conditioning solutions containing 0.S, 
IS or ISO pM B, denoting B deficiency, sufficiency or toxicity, 
respectively. The depletion solution B concentrations decrease with time in 
B-deficient soybean. Thus, B-uptake mechanisms might be related to B- 
nutrition status and B supply.
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with and without inhibitor increased with time within the 6 h depletion period. Though 
larger absolute changes in solution B concentrations were found in solutions with higher 
B, the B uptake was relatively more inhibited at lower B supply, e.g., about a 2-fold B 
difference in B concentration at 0.2 pM B treatment in 6 h vs. a 13% difference at 6 h for 
the 10 pM B treatment. Actually, when treated with inhibitor, solution B concentrations 
were constant or slightly decreased, but B concentrations decreased rapidly in no inhibitor 
treatments. Given the significant inhibitor effects, the fact that all plants (rice) used in this 
inhibitor study are B-deficient, and the results from Figure V I-1,1 conclude that active 
uptake mechanisms were likely involved with B-deficient plants.
From Figure VI-3, the addition o f the inhibitor significantly reduced B-uptake rates 
from depletion solutions at solution B levels ranging from 0.2 to 10 pM. Meanwhile, the 
relative uptake rate over external B concentration is shown in Figure VI-4. It is closely 
related to, or, when uptake by transpiration is negligible, equivalent to the membrane 
permeability (P = J/AC). Apparently, the relative uptake rate was higher at lower external 
B concentration under no inhibitor treatments, but was decreased and slightly changed 
when treated with inhibitor (i.e., significant interaction between inhibitor and solution B 
concentration, with P=0.011). Thus, B-deficient plants might have actively adjusted their 
membrane permeability in response to external B concentrations.
These inhibitor effects are consistent with the involvement o f metabolism and 
energy, indicating active uptake. However, results could be complicated by the 
nonspecificity o f metabolic inhibitors (Raven, 1980).
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
So
lu
tio
n 
B 
(pg
 
kg
*
3
,♦ inhibitor
2
1 No inhibitor
0.2 pM B
o
7
♦ inhibitor6
5
4
0.5 pM B3 No inhibitor
2
0 1 2 3 4 5 6 7  0 1 2 3 4 5 6 7
28
26
♦ inhibitor
24
22
No inhibitor20
2.5 pM B18
16
0
105
♦ inhibitor
100
95
90
10 pM B85 No inhibitor
80
0 1 2 3 4 5 6 7  0 1 2 3 4 5 6 7
Time (h)
Figure VI-2. Depletion-solution B concentration drops faster with time (0-6 h) in no­
inhibitor treatments than with metabolic inhibitor (50 pM DNP) for B- 
deficient rice hybrid ‘6-you-No.3’ which was grown in the conditioning 
hydroponic solutions with 0.1 pM B for 14 days beginning at 9-d-old. This 
trend holds at varied levels o f B initially ranging from 0.2 to 10 pM.
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Figure VI-3. The B-uptake rate o f B-deficient rice hybrid ‘6-You-No.3’ vs. solution B 
concentrations ranging from 0.2 to 10 pM. The rice was grown in 
hydroponic solutions with 0.1 pM B for 2 wk starting at 9-d-old seedlings. 
Boron uptake was significantly decreased by inhibitor and changed almost 
linearly with external solution B concentrations. However, the nonlinear 
relation under normal condition (without inhibitor) might indicate active 
uptake.
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Figure VI-4. The relative B-uptake rate o f B-deficient rice hybrid ‘6-You-No.3’ in 6-h 
depletion is not linearly changing over a range o f solution B concentration 
without inhibitor (SO pM B), and is significantly reduced by inhibitor 
especially at low levels o f B. The rice was conditioned in a hydroponic 
solution with 0.1 pM B for 2 wk starting at 9-d-old seedlings. Active 
uptake mechanisms might occur more likely under lower external B for B- 
deficient rice.
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3. Nonlinear relationship between B uptake and B supply
Based on data from earlier studies (Chapter HI), nonlinear relations were found 
between leaf- or shoot-B concentrations and B supply, as shown in Figure VI-5. Similar 
nonlinearity under no inhibitor treatments is also shown in Figure VI-3 and VI-4. Usually, 
curves at lower range o f B supply (< 10 pM) have greater slopes. In a study with excised 
barley roots, Oertli and Grgurevic (1975) also noticed that, at low B-supply levels, the 
relations were nonlinear, but they tended to become linear as the external concentration 
increased. Unfortunately, they did not realize the importance of this finding, but instead 
emphasized the linear relation at high supply levels (231 pM or higher). From this they 
concluded that B in root tissues and external solution tended to approach a diffusion 
equilibrium governed by the undissociated boric acid concentration. Thus, B uptake was 
considered to be passive. However, 200 pM B are levels toxic to barley (Loomis and 
Durst, 1992), while their lower solution B concentrations are more relevant to deficiency 
or sufficient B levels. The nonlinear relations under more typical and lower range levels 
should not be neglected, for different uptake mechanisms rather than passive diffusion 
might be involved. McBride et al. (1971) reported that, at the low range o f concentrations 
(<10pM), the internal B content o f algae is much less dependent on the external 
concentration o f B. Nissen (1974) also argued that active B transport dominated at low 
external B concentrations, and probably involved B(OH), rather than B(OH)4~, while 
passive B transport may have dominated at higher external concentrations.
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Figure VI-5. Nonlinear relationship was found between tissue-B concentration and B 
supply at B-deficient levels in rice cv ‘Bengal' grown for 42 days starting 
at 9-d-old seedlings in hydroponic solutions with 0-50 pM B in a growth 
chamber study. Some researchers claimed that B-uptake is passive based 
on the linear relationship found only in high B levels. However, the 
nonlinearity here might indicate the involvement o f active uptake 
mechanisms at low B supply.
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4. Active uptake for B-deficient plants
Several mechanisms for active B uptake have been proposed. Wilders and Neales 
(1971) proposed that B uptake is a mixture o f a passive diffusion o f B(OH)3 and active 
transport o f the B(OH)4" anion. However, it seems improbable given the extremely low 
external B(OH)4'  concentration under normal B supply and normal pH [<0.2% at pH 6.5 
exists as B(OH)4"; also see Table II-2 ]. Bowen and Nissen (1977) proposed that B uptake 
may be partially under metabolic control, but gave no mechanism. Perhaps, B(OH)3, 
though o f a molecular form, may be actively transported via proton pumps like certain 
sugars into a cell via sugar/proton symporters. Results from this study also suggested that 
the membrane permeability may be changed in response to low or high external B supply.
How could a plant exhibit only passive uptake during 6-h assay with 2.5 pM B in 
external solutions but exhibit passive and active uptake during the conditioning period 
when external B was low (0.1 pM)? I made such an assumption for the assay period in 
order to be conservative in my estimations and also because the prevailing argument in the 
literature is for passive uptake only. Passive uptake is widespread, since diffusion occurs 
whenever a concentration gradient exists. Passive uptake also occurs with transpirational 
flow. I may consider the following plausible mechanisms. First, a boron transporter with 
only a limited capacity becomes saturated at about 0.1 pM B. So, active uptake becomes 
less important when external B is greater than 0.1 pM B. Another explanation is that 
active uptake shuts down when external B reaches a certain level. Genes may control the 
gate, and they are genotype-specific. The third explanation is that membrane permeability 
may be adjusted in response to external B supply. Finally, more than one o f the above can 
happen simultaneously.
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Though B uptake mechanisms are not clearly understood, it is highly likely that 
active uptake occurs, especially at B-deficient conditions. For example, potassium is 
taken up passively under normal external concentrations, but is actively accumulated under 
very low extracellular K+ concentrations and mediated by symporters that act in parallel 
with channel-mediated K+ transport (Maathuis et al., 1997). At high B concentration, 
there may be active B blocking or exclusion mechanisms. Almost all data on B uptake 
could be explained and be better predicted in this way.
D. Conclusions
Because all o f the B uptake cannot be predicted or explained by passive uptake 
(diffusion and transpiration flow), active uptake is likely involved in B-deficient rice or 
soybean. Significant inhibitor effects and the nonlinear relationship between B uptake and 
B supply are important additional evidence to support active uptake mechanism. Active 
uptake was responsible for about 40% o f the total B-uptake for B-deficient soybean and 
60% for B-deficient rice.
So far, B-uptake mechanisms are not clear. However, a multiple allelic response 
can be used as a good explanation. That is, upon deficiency, toxicity, or some other 
stress, the plant DNA is used to form new transporter proteins. There is not just one area 
o f DNA coding for B uptake, there are more than one and they are triggered in response 
to some environmental effect. In other words, the membrane permeability to B(OH)3 
and/or B(OH)4‘  could be modified in response to B stress and be regulated by gene 
expression, cell localization and posttranslational modifications.
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It is worth mentioning that the energy cost should not be a concern for active B 
uptake. In fact, active uptake can be energetically inexpensive for B-deficient plants. On 
the other hand, the high B levels and the excised-root method adopted in most previous 
studies o f B absorption might be responsible for the dominant passive-uptake-mechanism 
opinion.
Should the results indicate active uptake, the overestimation o f passive uptake can 
only strengthen the case for active uptake. Though it was considered to be oversimplified 
(Hu and Brown, 1997), Raven’s method is useful in the estimation o f permeability 
coefficients o f boric acid. Based on Raven’s approach and my 6-hour assay, the Ph3bo3 >s 
0.488 x 10* cm s'1 for rice and 1.81 * 10* cm s*1 for soybean. Though they may be 
underestimated to some extent, these estimations are still consistent with those reported 
in literature. Fortunately, I avoid the root-area-based membrane permeability but use the 
root-weight-based influx rate measured from the 6-h assay to determine diffusion in the 
conditioning period.
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APPENDIX A. COMPOSITION OF A MODIFIED HOAGLAND’S SOLUTION
The hydroponic solutions used in this dissertation’s experiments have a formula 
similar to Table m-1. Further modifications and suggestions are shown in the following 
(Table A -l).
The solution composition was modified after earlier studies resulted in poor 
growth o f seedlings due to high salinity from high concentrations o f MES pH buffer and 
Si. According to criteria about tolerance o f rice to salt water (H ill, 1984; Helms, 1994)6, 
rice is very sensitive to salt content in water and NaCl is the most damaging component to 
rice. Concentrations o f salt as NaCl between 600-1300 mg kg *l (or 10.5 - 22.3 mM) may 
be harmful to seedlings while older plants are more tolerant. I modified Hoagland’s 
solution from 2:30 mM solutes to one containing 21-25 mM. This solution contained 1 
mM MES and the more soluble NajSiOj at 0.75 mM instead o f the often-used H4Si04 
(Table A -l). It is possible that no MES and Si should be used for very young seedlings 
(before 7-d old). It is also possible to further minimize the likelihood o f salinity problems 
by using 2.5 mM Ca(N03)2 to replace the 2.5 mM CaClj, for the Cl* used in the formula is 
unnecessarily high for plants. By doing so, NH4C1 and NH4N 03 should be removed and 
KHjP0 4 would be replaced by NH4H,P04 as the source o f P (see Table A -l).
Lewis H ill. 1984. A general guide for using salt water on rice, (inner materials from 
Agronomy Dept. LSU,).
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Table A -1. Composition o f a modified Hoagland’s solution which may be suitable for
rice to grow and to prevent injury from high ionic-strength solutions.
Component Source Concentration
N KN03, Ca(N03)2 and NH4H2P04 7.6 mM
P n h 4h 2po 4 0.1 mM
K k n o 3 2.5 mM
Ca Ca(N03)2 2.5 mM
Mg MgS04 1.0 mM
Na NajSiO, 1.5-3.0 mM
S04 MgS04 and MES > 1 mM
Cl HC1 1.5-3.0 mM
Si NajSiOj 0.75-1.5 mM
pH Buffer MES (C6H13N04S) 1-3 mM
Fe FeNH4(S04)2 10-20 pM
Mn MnCU 2 pM
Zn ZnS04 1 pM
Cu CuS04 0.5 pM
Ni NiCl2 0.1 pM
Co CoCl2 0.1 pM
Mo (NH4)2Mo70 4 0.2 pM
B h3b o 3 0 -50  pM
Chelator H3HEDTA 10-20 pM
pH = 6.30
Comments: dilution can prevent high salinity problems for young plants if  necessary.
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APPENDIX B. MODIFICATIONS TO AND RESULTS FROM GEOCHEM-PC
Table B -1. Modifications to Geochem-PC for boric acid complexation with protons
complex: 50 (IT ) 48 (B[OH]4').
Input and output data files
Boron species in solids and complexes in a hydroponic solution similar to that 
described in this dissertation’s experiments
Case number 1: Fixed pH = 5.50 and Ionic Strength = 1.882E-02 (computed)
Table B-l-a. Case progress &  free metals, Ligands for case number I 
Table B -l-b. Solution complexes for case number 1 
Table B -l-c. Overall speciation o f ions for case number I 
Table B -l-d. Primary Distribution o f metals and ligands for case number 1 
Case number 2: Fixed pH = 6.50 and Ionic Strength = 1.880E-02 (computed)
Table B-2-a. Case progress &  free metals, Ligands for case number 2
Table B-2-b. Solution complexes for case number 2
Table B-2-c. Overall speciation o f ions for case number 2
Table B-2-d. Primary Distribution o f metals and ligands for case number 2
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Table B -l-a. Modifications to Geochem-PC for boric acid complexation with protons 
Complex: 50 (IT ) 48 (B[OH]4)
Geochem
Coding
K@0 Reaction
O il 9.2 H L /H .L t B(OH)4- + H" « B(0H)3+H20
021 9.1 HL-,/L. HL 2[B(OH)4] + H+ -  B20(0H )5' + 2HzO
032 20.7 HjLj /H L j .H L 3[B(OH)4']+  2fT « B30 3(OH)4- + 5H20
042 20.6 H ^ / H ^ . L 4[B(OH)4'] + 2H* *  B4Os(OH)4 + 7HjO
t  Ligand = L = B(OH)4* and HL = B(OH)3°
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Results from GEOCHEM-PC (Version 2.0)
Input and output data filai
Date: 
4-12-2000 
Time: 15:
A hydroponic solution used in Xiaohe Yu's dissertation using silicate and 
ammonium
Input data file used: e:\geochem\l.dat
Output data file (this file): e:\geochem\lxx.out
Thermodynamic data file used: e:\geochem\boron.lig
These computations involve 11 metals, 10 ligands, 162 complexes, and 50 
possible solids.
Ionic Strength = 3.000E-02 (estimated)
Ionic strength will be computed for each case.
2 different cases are considered.
THE CONDITIONS FOR THE DIFFERENT CASES ARE:
METAL CODE # GUESS Case 1 Case 4
Ca 1 4.100 2.600 2.600
Mg 2 3.020 3.000 3.000
K 4 2.300 2.590 2.590
Na 5 3.100 2.520 2.520
Fe +3 6 17.800 4.700 4.700
Mn +2 8 6.780 5.699 5.699
Cu +2 9 12.600 6.300 6.300
Zn 12 9.800 6.000 6.000
Ni 13 12.600 7.000 7.000
Co +2 16 10.700 7.000 7.000
LIGAND CODE * GUESS Case 1 Case 4
S04 2 3.100 3.000 3.000
Cl 3 4.300 2.100 2.100
NH3 7 6.000 2.460 2.460
P04 9 12.200 4.000 4.000
Si04 12 10.000 2.820 2.820
B (OH) 4 48 10.200 5.000 5.000
Mo04 52 7.010 6.700 6.700
N03 57 2.160 2.400 2.400
HEDTA 70 10.400 4.700 4.700
Fixed PH 5.500 6.500
Simple solid phases are allowed, but not imposed.
Max. iterations = 50 Convergence criterion = 1.000E-04 
Thermochemical Data in Use
INFINITE DILUTION CONSTANTS —  Not corrected for ionic strength
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Boron apaciea In aolida and aoaplexea In a hydroponic solution
MET LIG *-------------SOLIDS
1 48 7.90 1 2 0 46.60 1 6 4 34.50 2 6 2
2 48 26.50 1 4 2 44.40 1 6 4 -7.40 2 2--2
4 48 23.50 2 4 2 36.80 1 5 4 51.90 2 8 6
5 48 25.30 2 4 2 35.30 2 6 4 55.00 2 8 6
6 48 .00 0 0 0 .00 0 0 0 .00 0 0 0
16 48 .00 0 0 0 .00 0 0 0 .00 0 0 0
50 48 .00 0 0 0 .00 0 0 0 .00 0 0 0
MET LIG
*-----------------------------------COMPLEXES
1 48 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 .00 0 0 0
2 48 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 .00 0 0 0
4 48 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 00 0 0 0
5 48 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 .00 0 0 0
6 48 8.9 1 1 0 15.8 1 2 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 .00 0 0 0
16 48 5.4 1 1 0 10.0 1 4 0 .0 0 0 0 .0 0 0 0 .00 0 0 0 .00 0 0 0
50 48 9.2 0 1 1 9.1 0 2 1 20.7 0 3 2 20.6 0 4 2 .00 0 0 0 .00 0 0 0
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CASE HUMBER 1: Fixed pB — 5.500 and Ionic Strength ** 1.882E-02 (coaputed)
Table B-l-b. CASE PROGRESS & EREE METALS, LIGANDS FOR CASE NUMBER 1 (pH - 5.
-log Tot. Free -log Free -log Free
Tot. Cone Cone Activity Activity Free Cone Cone Remainder
ca 2.512E-03 2.600 1.382E-03 2.860 2.376E-03 2.624 -2.808E-11
Mg 1.000E-03 3.000 5.547E-04 3.256 9.536E-04 3.021 -3.652E-11
K 2.570E-03 2.590 2.234E-03 2.651 2.558E-03 2.592 -8.053E-11
Na 3.020E-03 2.520 2.615E-03 2.582 2.995E-03 2.524 2.341E-11
Fe +3 1.995E-05 4.700 9.932E-15 14.003 3.361E-14 13.474 0.OOOE+OO
Mn +2 2.000E-06 5.699 1.045E-06 5.981 1.797E-06 5.746 -1.793E-13
Cu +2 5.012E-07 6.300 7.276E-12 11.138 1.251E-11 10.903 6.309E-14
Zn 1.000E-06 6.000 9.020E-09 8.045 1.551E-08 7.810 2.543E-13
Ni 1.000E-07 7.000 2.885E-12 11.540 4.960E-12 11.305 8.180E-15
Co +2 1.000E-07 7.000 1.130E-09 8.947 1.942E-09 8.712 1.200E-13
S04 1.000E-03 3.000 4.720E-04 3.326 8.114E-04 3.091 -1.104E-10
Cl 7.943E-03 2.100 6.914E-03 2.160 7.917E-03 2.101 3.362E-10
NH3 3.467E-03 2.460 9.615E-07 6.017 9.573E-07 6.019 -1.863E-09
P04 1.000E-04 4.000 2.263E-13 12.645 7.658E-13 12.116 6.656E-11
Si04 1.514E-03 2.820 1.892E-15 14.723 3.253E-15 14.488 -2.327E-10
B(OH)4 1.000E-05 5.000 2.006E-09 8.698 2.297E-09 8.639 2.765E-12
Mo04 1.995E-07 6.700 1.114E-07 6.953 1.916E-07 6.718 2.665E-15
N03 3.981E-03 2.400 3.477E-03 2.459 3.981E-03 2.400 1.683E-10
HEDTA 1.995E-05 4.700 1.210E-14 13.917 4.094E-14 13.388 4.927E-12
Solid 
Fe +3 OH-
Number mol/L of solution 
1 1.817E-06
The solution contains 1.569E-02 equivalents per liter of cationic species, -1.365E-02 eq/L of 
anionic species, and thus has a computed net charge of 2.039E-03 eq/L. This represents an error equal 
to 12.99 percent of the total charge of cationic species in solution.
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Table B-l-C. OVERALL SPECIATION OF IONS FOR CASE NUMBER 1 ( pH - 5.5 )
CONCENTRATIONS OF FREE METAL, FREE LIGAND, AND TOTAL MOL/L OF METAL COMPLEXED BY EACH LIGAND
FREE MET S04 Cl NH3 P04 Si04 B (OH) 4
«rOOX N03 HEDTA OH-
FREE LIG 3.09 2.10 6.02 12.12 14.49 8.64 6.72 2.40 13.39 8.44
Ca 2.62 3.89 5.94 ***** 5.32 ***** ***** ***** 10.06 7.22 10.00
Mg 3.02 4.38 5.39 ***** 6.11 ***** ***** ***** 8.27 8.82 9.20
K 2.59 5.02 5.51 ***** ***** ***** ***** ***** ***** ***** 11.65
Na 2.52 5.15 4.74 ***** ***** ***** ***** ***** ***** ***** 11.28
Fe +3 13.47 13.07 14.42 ***** 8.79 11.09 13.56 ***** 15.22 4.74 8.63
Mn +2 5.75 7.01 7.49 ***** ***** ***** ***** ***** ***** 7.14 11.42
Cu +2 10.90 12.06 12.84 12.92 13.25 ***** ***** ***** 13.04 6.30 13.20
Zn 7.81 9.07 9.75 ***** 10.16 ***** ***** ***** 10.05 6.01 10.19
Ni 11.30 12.57 13.98 14.62 13.89 ***** 14.38 ***** 13.54 7.00 15.88
Co +2 8.71 9.87 11.45 12.73 11.30 ***** 12.19 ***** 11.15 7.01 13.09
H+ 5.44 6.77 16.06 2.46 3.73 2.52 5.00 8.10 9.36 8.12 *****
CONCENTRATIONS OF FREE METAL, FREE LIGAND, AND TOTAL MOL/L OF LIGAND COMPLEXED BY EACH METAL
is i
FREE MET S04 Cl NH3 P04 Si04 B(OH)4 Mo04 N03 HEDTA OH-
FREE LIG 3.09 2.10 6.02 12.12 14.49 8.64 6.72 2.40 13.39 8.44
Ca 2.62 3.89 5.91 ***** 5.32 ***** ***** 10.06 7.22 10.00
Mg 3.02 4.38 5.39 ***** 6.11 ***** ***** ***** 7.97 8.82 9.20
K 2.59 5.02 5.51 ***** ***** ***** ***** ***** ***** ***** 11.65
Na 2.52 5.15 4.74 ***** ***** ***** ***** ***** ***** ***** 11.28
Fe +3 13.47 13.07 14.41 ***** 8.79 11.09 13.55 ***** 15.22 4.74 8.33
Mn +2 5.75 7.01 7.49 ***** ***** ***** ***** ***** ***** 7.14 11.42
Cu +2 10.90 12.06 12.84 12.92 13.25 ***** ***** ***** 13.04 6.30 13.12
Zn 7.81 9.07 9.75 ***** 10.16 ***** ***** ***** 10.05 6.01 10.19
Ni 11.30 12.57 13.93 14.62 13.89 ***** 14.38 ***** 13.54 7.00 15.88
Co +2 8.71 9.87 11.45 12.73 11.30 ***** 12.19 ***** 11.15 7.01 13.09
H+ 5.44 6.77 16.06 2.46 4.03 2.82 5.00 8.10 9.36 8.31 *****
Table B-l-d. PRIMARY DISTRIBUTION OF METALS AMD LZ8AMDS FOR pH - 5.5
Ca S04
94.57 « as a free metal 81.14 % as a free ligand
5.19 % complexed with S04 13.03 « complexed with Ca
.05 « complexed with Cl 4.16 « complexed with Mg
.19 % complexed with P04 .95 « complexed with K
Mg .70 % complexed with Na
95.36 % as a free metal .02 % complexed with H+
4.16 % complexed with S04 Cl
.41 « complexed with Cl 99.66 « as a free ligand
.08 « complexed with P04 .02 « complexed with Ca
K .05 % complexed with Mg
99.51 « as a free metal .04 % complexed with K
.37 « complexed with S04 .23 % complexed with Na
.12 0 complexed with Cl NH3
Na .03 % as a free ligand
99.16 % as a free metal 99.97 % complexed with H+
.23 % complexed with S04 P04
.61 % complexed with Cl 4.84 « complexed with Ca
Fe +3 .78 % complexed with Mg
90.88 % complexed with HEDTA 94.38 « complexed with H+
.01 % complexed with OH- Si04
9.10 « in solid form with OH- 100.00 « complexed with H+
Mn +2 B(OH)4
89.84 % as a free metal .02 % as a free ligand
4.93 % complexed with S04 99.98 % complexed with H+
1.63 % complexed with Cl Mo04
3.59 % complexed with HEDTA 96.01 % as a free ligand
Cu +2 3.99 % complexed with H+
100.00 % complexed with HEDTA N03
Zn 100.00 % as a free ligand
1.55 « as a free metal HEDTA
.09 % complexed with S04 .30 « complexed with Ca
.02 % complexed with Cl 90.88 % complexed with Fe +3
98.32 % complexed with HEDTA .36 % complexed with Mn +2
Ni 2.51 « complexed with Cu +2
99.99 % complexed with HEDTA 4.93 % complexed with Zn
Co +2 .50 % complexed with Ni
1.!94 % as a free metal .49 % complexed with Co +2
13 % complexed with S04 .02 % complexed with H+
97.91 % complexed with HEDTA
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CASK NUMBER 2: Fixed pH ■ 6.500 and Ionic strength = 1.880E-02 (coaf>uted)
Table B-2-a. CASE PROGRESS « FREE METALS , LIGANDS FOR CASE NUMBER 2 (pH “ 6.5)
-log Tot. Free -log Free -log Free
Tot. Cone Cone Activity Activity Free Cone Cone Remainder
Ca 2.512E-03 2.600 1.376E-03 2.861 2.365E-03 2.626 4.746E-11
Mg 1.000E-03 3.000 5.521E-04 3.258 9.490E-04 3.023 8.155E-12
K 2.570E-03 2.590 2.234E-03 2.651 2.558E-03 2.592 8.82BE-11
Na 3.020E-03 2.520 2.615E-03 2.582 2.995E-03 2.524 -2.240E-11
Fe +3 1.995E-05 4.700 9.936E-18 17.003 3.361E-17 16.474 0.OOOE+OO
Mn +2 2.000E-06 5.699 2.971E-07 6.527 5.107E-07 6.292 1.149E-12
Cu +2 5.012E-07 6.300 1.026E-13 12.989 1.763E-13 12.754 9.671E-13
Zn 1.000E-06 6.000 1.291E-10 9.889 2.219E-10 9.654 2.815E-12
Ni 1.000E-07 7.000 4.081E-14 13.389 7.014E-14 13.154 1.906E-13
Co +2 1.000E-07 7.000 1.625E-11 10.789 2.793E-11 10.554 1.136E-14
S04 1.000E-03 3.000 4.725E-04 3.326 8.122E-04 3.090 2.660E-11
Cl 7.943E-03 2.100 6.914E-03 2.160 7.917E-03 2.101 -2.777E-10
NH3 3,467E-03 2.460 9.591E-06 5.018 9.550E-06 5.020 -4.657E-10
P04 1.000E-04 4.000 1.583E-11 10.800 5.356E-11 10.271 -4.012E-11
Si04 1.514E-03 2.820 1.892E-13 12.723 3.252E-13 12.488 -1.025E-10
B(OH)4 1.000E-05 5.000 2.002E-08 7.699 2.292E-08 7.640 -2.364E-12
Mo04 1.995E-07 6.700 1.156E-07 6.937 1.987E-07 6.702 2.220E-16
N03 3.981E-03 2.400 3.477E-03 2.459 3.981E-03 2.400 9.508E-11
HEDTA 1.995E-05 4.700 8.600E-13 12.065 2.909E-12 11.536 1.991E-11
Solid Number mol/L of solution
Fe +3 OH- 1 7.520E-06
The solution contains 1.565E-02 equivalents per liter of cationic species, -1.366E-02 eq/L of anionic 
species, and thus has a computed net charge of 1.986E-03 eq/L. This represents an error equal to 
12.69 percent of the total charge of cationic species in solution.
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Table B-2-o. OVERALL SPECIATIOM OF IONS FOR CASE NUMBER 2 (pH - 6.5)
CONCENTRATIONS OF FREE METAL, FREE LIGAND, AND TOTAL MOL/L OF METAL COMPLEXED BY EACH LIGAND
FREE MET S04 Cl NH3 P04 Si04 B(OH)4 Mo04 N03 HEDTA OH-
FREE LIG 3.09 2.10 5.02 10.27 12,49 7,64 6.70 2,40 11.54 7.44
Ca 2.63 3.89 5.94 ***** 4.95 ***** ***** ***** 10.06 5.37 9.00
Mg 3.02 4.38 5.39 ***** 5.27 ***** ***** ***** 8.27 6.97 8.20
K 2.59 5.02 5.51 ***** ***** ***** ***** ***** ***** ***** 10.65
Na 2.52 5.15 4.74 ***** ***** ***** ***** ***** ***** ***** 10.28
Fe +3 16,47 16.07 17.42 ***** 10.95 13.09 15.52 ***** 18.22 4.91 9.59
Mn +2 6.29 7.55 8.03 ***** ***** ***** ***** ***** ***** 5.84 10.97
Cu +2 12.75 13.91 14.69 13.76 13.86 ***** ***** ***** 14.89 6.30 13.63
Zn 9.65 10.91 11.59 ***** 11.42 ***** ***** ***** 11.89 6.00 11.03
Ni 13.15 14.41 15.83 15.47 15.22 ***** 15.23 ***** 15.39 7.00 16.73
Co +2 10.55 11.71 13.30 13.57 12,57 ***** 13.03 ***** 12.99 7.00 13.93
H+ 6.44 7.77 17.06 2.46 3.83 2.52 5.00 9.08 10.36 7.73 *****
vo CONCENTRATIONS OF FREE METAL, FREE LIGAND, AND TOTAL MOL/L OF LIGAND COMPLEXED BY EACH METAL
FREE MET S04 Cl NH3 P04 Si04 B(OH)4 Mo04 N03 HEDTA OH-
FREE LIG 3.09 2.10 5.02 10.27 12.49 7.64 6.70 2.40 11.54 7.44
Ca 2.63 3.89 5.92 ***** 4.95 ***** ***** **** 10.06 5.37 9.00
Mg 3.02 4.38 5.39 ***** 5.27 ***** ***** **** 7.97 6.97 8.20
K 2.59 5.02 5.51 ***** ***** ***** ***** **** ***** ***** 10.65
Na 2.52 5.15 4.74 ***** ***** ***** ***** **** ***** ***** 10.28
Fe +3 16.47 16.07 17.41 ***** 10.95 13.09 15.48 **** 18.22 4.91 9.27
Mn +2 6.29 7.55 8.03 ***** ***** ***** ***** * * * * ***** 5.84 10.97
Cu +2 12.75 13.91 14.69 13.75 13.86 ***** ***** * * * * 14.89 6.30 13.40
Zn 9.65 10.91 11.59 ***** 11.42 ***** ***** * * ** 11.89 6.00 11.03
Ni 13.15 14.41 15.77 15.47 15.22 ***** 15.23 **** 15.39 7.00 16.73
Co +2 10.55 11.71 13.30 13.57 12.57 ***** 13.03 **** 12.99 7.00 13.93
H+ 6.44 7.77 17.06 2.46 4.08 2.82 5.00 9.08 10.36 7.77 *****
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Table B-2-d. PRIMARY DISTRIBUTION OF METALS AND LIGANDS FOR pH « 6.5
Ca S04
94.17 « as a free metal 81.22 « as a free ligand
5.17 % complexed with S04 12.99 « complexed with Ca
.05 % complexed with Cl 4.14 ft complexed with Mg
.44 % complexed with P04 .95 « complexed with K
.17 « complexed with HEDTA .70 ft complexed with Na
Mg Cl
94.90 ft as a free metal 99.66 ft as a free ligand
4.14 % complexed with S04 .02 ft complexed with Ca
.40 % complexed with Cl .05 % complexed with Mg
.54 % complexed with P04 .04 « complexed with K
.01 ft complexed with HEDTA .23 « complexed with Na
K NH3
99,51 % as a free metal .28 % as a free ligand
.37 ft complexed with S04 99,72 % complexed with H+
.12 ft complexed with Cl P04
Na 11.13 ft complexed with Ca
99.16 « as a free metal 5.43 % complexed with Mg
.23 % complexed with S04 83.43 % complexed with H+
.61 ft complexed with Cl Si04
Fe +3 100.00 % complexed with H+
62.31 % complexed with HEDTA B(OH)4
37.69 « in solid form with OH- .23 ft as a free ligand
Mn +2 99.77 % complexed with H+
25.54 ft as a free metal Mo04
1.40 « complexed with S04 99.59 « as a free ligand
.46 % complexed with Cl .41 % complexed with H+
72.60 % complexed with HEDTA N03
Cu +2 100.00 % as a free ligand
100.00 ft complexed with HEDTA HEDTA
Zn 21.27 % complexed with Ca
.02 % as a free metal .54 % complexed with Mg
99.98 % complexed with HEDTA 62.31 « complexed with Fe +3
Ni 7.28 ft complexed with Mn +2
100.00 % complexed with HEDTA 2.51 ft complexed with Cu +2
Co +2 5.01 ft complexed with Zn
.03 % as a free metal .50 ft complexed with Ni
99.97 % complexed with HEDTA .50 ft complexed with Co +2
.08 ft complexed with H+
APPENDIX C. CHAPTER IV DATA SETS AND RELATED INFORMATION
Chapter IV  title: “Boron Deficiency Found in ‘Bengal’ Rice (Oryza sativa L ) Grown
on Louisiana Prairie Soil in the Greenhouse”
Table C-1. Data Set for Chapter IV  (tillering stage).
Table C-2. Data Set for Chapter IV  (booting stage).
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Table C-1. Data Set for Chapter IV (tillering stage)
OBS BORON L ia in g  R e p lic a te YIELD
fl/p o t
AL B CA CO CR CU FE K
%
MG MN
•••■ 9 /k g
MO N
%
NA P S
■n i\tt% . .
ZN
------ IQ/K0 *
1 0 0 1 20 .8 113 5 .2 2298 29.0 0.64 28.1 242 1.64 1490 468 1.2 3.06 1391 2158 2576 28.5
2 0 1 1 27.4 137 8 .4 2018 1.5 0.38 22.2 141 1.71 1618 422 1.5 3.28 949 2391 2850 36.1
3 0 3 1 23.1 114 9 .0 2808 19.3 0 .70 35.0 144 1.52 1969 361 2 .2 2.84 1209 2427 2392 35.1
4 0 0 2 23 .9 121 7 .3 2271 1.5 0.52 21.7 149 1.67 1636 531 2 .2 3.42 1449 2413 2695 31.7
5 0 1 2 24.0 132 3 .6 2055 1.9 0 .40 22.4 140 1.75 1564 388 1.9 3.01 1085 2518 2741 34.5
6 0 3 2 26.6 130 5 .2 2856 2.1 0.32 21 .6 131 1.40 1779 302 2 .3 2.79 1188 2246 2322 31.2
7 0 0 3 27 .0 108 5.1 2391 1.5 0.44 20.5 143 1.51 1714 542 1.7 2.94 1128 2572 2502 39.0
8 0 1 3 26.1 123 10.1 3065 1.4 0.46 21 .8 151 1.45 1898 618 3 .0 2.92 1161 2468 2356 37.0
9 0 3 3 31.2 144 5 .4 2263 1 .6 0 .46 22 .8 141 1.58 1879 298 1 .9 2 .83 821 2325 2485 33.9
10 0 0 4 22.4 134 7 .9 3219 5 .8 0.64 23.4 162 1.32 1614 627 1.8 2.88 1177 2358 2158 34.1
11 0 1 4 24.1 110 7 .7 3226 1.5 0.53 20.6 133 1.35 1751 588 2 .4 2 .66 1312 2446 2144 32.8
12 0 3 4 29.5 138 9 .3 2339 1.8 0.28 22.7 132 1.55 1653 267 2 .4 3.05 935 2541 2591 41.3
13 0 0 5 29.9 124 9 .3 2424 1.7 0.49 22.3 147 1.71 1689 546 1.7 2.88 1224 2559 2610 36.0
14 0 1 5 19.9 152 8 .7 2682 37.0 0 .39 31.9 143 1.49 1693 314 2 .0 2.91 1105 2409 2384 30.3
15 0 3 5 37.7 165 3 .7 3018 1.7 0.71 23.6 158 1.65 2337 605 2.1 2.97 1097 2745 2827 40.6
16 1 0 1 23.9 162 5 .2 2983 1.7 0.48 23.7 171 1.58 1734 516 2 .6 2.93 1134 2483 2483 37.3
17 1 1 1 27 .9 112 17.6 2819 2 .0 0 .63 21.3 135 1.53 1720 441 3 .0 2.90 1054 2419 2492 39.2
18 1 3 1 28 .3 125 6 .4 3006 1.2 0.43 18.9 111 1.47 1856 332 2 .5 2.69 1183 2406 2428 32.4
19 1 0 2 27.0 115 14.4 2780 1.5 0.51 21.0 151 1.24 1559 565 1.5 2 .68 1318 1966 2117 31.8
20 1 1 2 24 .7 98 7 .9 2297 17.6 0.58 19.9 132 1.30 1447 340 1.9 2.53 1355 2089 2057 28.5
21 1 3 2 30.6 115 15.9 3376 1.6 0.61 19.9 113 1.23 1999 429 2 .9 2.50 1494 2334 2036 24.5
22 1 0 3 31.8 119 18.6 3196 1.7 0.47 21.0 143 1.36 1734 711 2 .5 2.62 1521 2544 2109 33.8
23 1 1 3 30.3 111 8 .9 3448 1.5 0.74 21.4 116 1.46 2271 1081 2 .8 2,72 1251 2868 2393 37.3
24 1 3 3 24 .8 124 11.1 2729 1.4 0.33 19.2 106 1.41 1757 366 2 .3 2.68 1192 2241 2412 33.7
25 1 0 4 31.2 122 10.5 2638 1.4 0.54 20.2 136 1.52 1690 603 3 .0 2.79 1173 2537 2390 39.3
26 1 1 4 30.2 140 16.8 4349 1.9 0 .35 19.2 134 1.56 1677 370 1 .2 2 .60 850 2724 2536 34.6
27 1 3 4 32.2 125 6 .9 3347 1.3 0.53 22.1 110 1.57 2544 657 2 .2 2.93 1248 2768 2556 38.5
28 1 0 5 28.8 116 9 .5 2422 1.2 0.36 19.8 143 1.59 1587 530 2 .9 2.87 1402 2526 2490 31.8
29 1 1 5 37.9 104 7 .0 3332 1.4 0 .72 20.1 124 1.46 2256 641 2 .7 2 .79 1548 2770 2332 37.1
30 1 3 5 29 .7 113 12.1 2363 1.0 0.45 19.5 124 1.49 1600 380 2 .6 2.90 1251 2372 2598 33.4
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Table C-2. Data Set for Chapter IV (booting stage)
OBS BORON L in in g  R e p lic a te YIELD
g /p o t
AL B CA CO CR CU FE K MG MN MO N NA P S ZN
1 0 0 1 20.8 104 6.0 3410.2 1.9 0 .36 19.5 266 15125 1274 420 1.1 215 1766 3346 24.5
2 0 1 1 27.4 102 6 .4 4518.8 1.7 0 .45 19.1 196 15648 1298 423 1.5 483 1933 3323 20.9
3 0 3 1 23.1 101 6 .0 5206.3 2 .0 0 .48 21 .6 153 14790 1622 424 1.8 • 390 1725 2725 21 .9
4 0 0 2 23.9 177 8 .0 4668.1 1 .6 0.91 20 .8 277 13537 1395 636 2 .7 353 1656 3144 24.1
5 0 1 2 24.0 93 7.1 3852.9 1.3 0 .43 15.2 169 14450 1504 389 2 .2 301 1675 2926 25.2
6 0 3 2 26.6 92 8.5 3645.0 1.6 0.42 15.0 154 15391 1439 254 1.7 293 1738 2673 24.4
7 0 0 3 27 .9 139 8.1 4684.6 10.1 0.78 38 .9 248 13872 1406 594 1.3 334 1747 2877 22.3
8 0 1 3 26.1 85 3 .7 5167.9 1.5 0 .36 15.0 155 14029 1298 520 1.2 468 1758 2605 21.0
9 0 3 3 31.2 61 7.2 5700.4 1.2 0 .50 12.3 117 14148 1489 564 2 .5 329 1844 2827 22.4
10 0 0 4 22.4 70 3 .9 5220.4 1.1 0.42 11.8 184 12079 1110 683 2.1 685 1489 2396 19.1
11 0 1 4 24.1 70 4 .6 4671.6 1.4 0 .35 20 .4 148 13822 1402 401 2 .6 295 1629 2542 28.0
12 0 3 4 29.5 82 8 .2 4920.5 1.3 0.31 18.0 132 13031 1514 354 1.6 402 1586 2312 25.0
13 0 0 5 29.9 83 6 .9 5342.3 1.0 0.27 14.1 185 15460 1499 804 1.3 322 1980 3194 30.5
14 0 1 5 19.9 90 9 .2 6255.4 1.3 0.17 18.0 270 12265 1417 696 0 .9 580 1764 2643 22.3
15 0 3 5 37.7 124 5 .3 6102.6 1.2 0 .27 17.8 135 15161 1481 486 1.5 375 1806 2495 24.7
16 1 0 1 23.9 73 16.0 4632.5 1.1 0.27 15.4 196 14302 1524 642 0 .9 638 1755 2815 25.2
17 1 1 1 27.9 78 17.0 4013.5 1.4 0.17 16.7 160 13993 1349 422 1.4 535 1644 2545 24.5
18 1 3 1 28.3 90 25.7 5001.1 1.2 0 .29 16.8 141 14662 1535 398 2 .4 352 1820 2721 22.8
19 1 0 2 27.0 126 20.9 4214.7 0 .9 0 .55 16.2 201 16880 1430 486 1.4 226 1966 3267 26.1
20 1 1 2 24.7 82 17.8 3689.2 1.4 0.31 14.7 160 14103 1387 378 2.1 295 1676 2829 23.8
21 1 3 2 30.6 87 13.4 4480.4 1.6 0.41 16.4 144 15084 1554 454 1.7 299 1792 2681 20.5
22 1 0 3 31.8 92 8 .7 4545.4 1.1 0 .46 13.4 179 15856 1393 612 2.2 345 2003 3025 25.7
23 1 1 3 30.3 96 6 .8 4527.7 1.0 0.42 13.9 156 13036 1448 613 1.5 363 1751 2650 23.4
24 1 3 3 24.8 64 8 .6 3943.0 1.2 0 .35 11.4 121 13129 1470 352 1.7 309 1704 2626 22.1
25 1 0 4 31.2 349 7 .0 4267.6 1.6 0 .65 2 2 .8 189 14835 1522 505 1.8 336 1658 2827 28.9
26 1 1 4 30.2 97 13.3 4643.7 1.1 0 .48 2 0 .0 164 16034 1643 450 1.2 264 1889 2955 26.9
27 1 3 4 32.2 180 9 .6 5114.8 1.5 0 .46 18.4 179 14959 1569 323 2 .0 281 1655 2889 83.0
28 1 0 5 28.8 104 7 .2 4725.8 2 .6 0 .43 2 1 .3 265 16181 1397 529 1.2 272 2046 3446 44.7
29 1 1 5 37.9 117 13.8 4761.2 1.0 0 .18 15.7 140 16279 1435 443 1.5 294 1857 3152 25.4
30 1 3 5 29.7 94 19.6 4108.7 1 .0 0 .28 15.5 125 15687 1420 307 1.3 212 1781 2638 38.2
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